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Spin torque oscillators (STOs) were developed in 2003, and since then, progress 
has been made in understanding their underlying physics, frequency of operation, 
frequency tuning range, and functionality. These nanoscale oscillators with their 
octave-spanning frequency tuning range have been touted for many applications 
including neuromorphic computing, magnetic field sensing, and microwave signal 
detection. Since their inception, the output power of spin torque oscillators has been 
improved by five orders of magnitude. In spite of all these developments, the adoption 
of spin torque oscillators as an extremely tunable signal source has been hindered due 
to their large linewidth and frequency stability issues. Solutions such as using spin 
torque oscillators in a PLL and injection locking of spin torque oscillators has been 
demonstrated. However, these solutions need an external signal reference for their 
implementation. Recently, self-locking of spin torque oscillators to their amplified, 
delayed output signal has been proposed, and initial experiments have demonstrated 
an encouraging progress in the improvement of the linewidth. Further improving on 
this concept of self-locking, we propose a system that uses spin torque oscillators in a 
delay line oscillator with a high quality factor micro-electro-mechanical (MEMS) 
resonator as the delay element. This spin torque oscillator coupled with a MEMS 
resonator in a feedback system is presented in this thesis as a magneto-acoustic 
oscillator. 
This dissertation presents all the components needed for realizing the magneto-
acoustic oscillator as well as addresses the issues and challenges in its implementation. 
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To maintain the tuning capability of the magneto-acoustic oscillator, we use high-
overtone bulk acoustic resonators (HBARs) as the MEMS resonator, as they have 
many resonances spread over a large range of frequency. We fabricated and 
characterized one port, high-overtone bulk acoustic resonators to be used as stress 
transducers for strain feedback-based magneto-acoustic oscillator. We also developed 
an analytical model to calculate the stress/strain generated by the HBARs for a given 
drive voltage. We further performed low temperature characterization of the HBAR 
resonators, fabricated on different substrate materials, to better understand the 
dominant loss mechanism that limits its performance as a strain generator. Two port, 
laterally coupled high-overtone bulk acoustic resonators were fabricated and 
characterized with measurements indicating quality factors upwards of 20,000 in the 2 
to 8 GHz regime. Two port HBARs were demonstrated as a high quality factor, 
narrow bandwidth filters to be used for current feedback-based magneto-acoustic 
oscillators that are operational over a large frequency range, with a nominal 
transmission loss of -25 dB. 
We study using strain as the feedback path for implementing a magneto-acoustic 
oscillator in a macrospin model of a spin torque oscillator. This model incorporates the 
effect of a uniaxial external AC strain on the spin torque oscillator by considering the 
effective field generated due to the magnetoelastic property of the free layer magnet. 
We also calculate the threshold amplitude of strain needed to lock the spin torque 
oscillator and further calculate the gain required for the HBAR to feedback that strain, 
when implemented as a magneto-acoustic oscillator. Comparing the gain needed for 
locking in a current feedback-based magneto-acoustic oscillator and strain feedback-
based spin torque oscillator, we find that current feedback based magneto-acoustic 
oscillator performance is superior.  
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CoFeGe/CoFe and Terfenol-D as the free layer based spin valves fabricated at 
HGST with 6% MR and SHE-MTJs with 30% TMR were characterized as spin torque 
oscillators for implementing the current feedback-based magneto-acoustic oscillators. 
We demonstrated an open loop current-based magneto-acoustic oscillator, which 
reduced the linewidth of the spin valve oscillators from 35.4 MHz to 175 kHz with 
∆ ௢݂/ ௢݂  ratio as high as 23,657 was measured for in-plane oscillation mode at 
4.14 GHz. This is the highest measured ∆ ௢݂/ ௢݂ ratio for any spin valve oscillator in an 
open loop configuration. Open loop current-based magneto-acoustic oscillator, with 
the SHE-MTJ, reduced the linewidth of the oscillator from 300 MHz to 280 kHz. This 
is the smallest reported linewidth for SHE-MTJs. 
Upon implementing a closed loop current feedback-based magneto-acoustic 
oscillator, we observed HBAR oscillations. This was due to the poor isolation from 
wide bandwidth circulators and because of the high gain needed for locking owing to 
the low output power of the spin torque oscillators. We propose using a microwave 
feedback in a magneto-acoustic oscillator that eliminates the implementation problems 
of the closed loop current feedback-based magneto-acoustic oscillator by changing the 
domain of feedback signal from electrical to microwave. We simulated different 
closed loop magneto-acoustic oscillators using strain, current, and microwave 
feedback in HSPICE to compare their power efficiencies. Simulation results show that 
the microwave feedback-based magneto-acoustic oscillator is the most promising 
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CHAPTER 1  
INTRODUCTION 
Oscillators or signal sources are ubiquitous in modern day communication 
systems, sensing systems, and navigation systems. In fact, oscillators are found in 
almost all physical systems. Very broadly, but aptly, oscillators can be defined by their 
property to generate an oscillating signal; which means a signal that varies in time 
with a particular period like a sinusoidal wave. Typical examples of oscillators include 
lasers, music instruments, clocks and even an atom. What makes oscillators important 
and so useful is that they are used to count or demarcate time. In digital circuits, 
oscillators are used to produce the system clock, whose rising or falling edge is used 
as the basis for triggering or starting Boolean calculations to pace the flow of an 
algorithm.  
In communication systems, oscillators are used to produce a clock, which allocates 
the use of a communication channel among multiple users for a given period. For 
higher throughput communication, instead of sharing the channel in the time domain, 
we share the channel in the frequency domain. This is done by allocating specific 
frequency bands for communicating between specific users. As modern day bandwidth 
requirements increase, the spacing between separate communication bands is reduced, 
while the bandwidth in each band is fully utilized. To facilitate such complex 
communication systems we use multiple oscillators at different frequencies across 
multiple bands of communication. A more elegant, cheap and integrated solution to 
this problem that will enhance the bandwidth of communication is a single oscillator. 
Such an oscillator will have to function across several bands of frequencies and whose 
frequency of operation can be picked and chosen according to the needs of 
communication, which could be mass fabricated and produced cheaply and has a 
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potential for integrating with CMOS chips.  We consider spin torque oscillators due to 
their small form factor and octave-spanning tuning range to be an ideal candidate.  
1.1 Spin torque oscillators 
Slonczewski [1] and Berger [2] predicted that electron flow in a stack of magnetic 
materials carries angular momentum from one magnetic layer to another. This angular 
momentum exerts a torque on the magnetization of the magnetic layer and when the 
amplitude of the torque is sufficient to overcome the losses in the layer, the 
magnetization of the layer will oscillate. Shortly after this prediction, Kiselev et al. [3] 
were the first to perform direct measurements of microwave oscillations in 
nanostructures. These nanostructure devices are broadly called spin torque oscillators 
(STO). They consist of two conducting magnets; the fixed magnet and the free magnet, 
which are separated by a spacer (Figure 1.1). The magnetization of the free layer (or 
magnet) is susceptible to change by the angular momentum of the electrons impinging 
on it, while the magnetization of fixed magnet is unaffected (or less affected) by the 
electron moment. Typically, the spacer used in these devices are of two types- 
conducting non-magnetic metals that have large spin relaxation lengths or insulating 





Figure 1.1: The basic structure of a spin torque oscillator shows magnetic layers in 
green separated by a non-magnetic spacer. Spin-polarized electrons apply a torque on 
the magnetization of the free layer causing its steady-state precession. 
 3 
 
For the electron flow to apply a sufficient amount of torque on a magnet, a 
significant portion of the electron spins need be oriented along one direction. This 
orientation of electron spin in an STO is done by passing the electrons through the 
fixed layer magnet, where due to spin transfer torque, the electrons spins get 
reoriented along the direction of the magnetization of the fixed layer [4]. We use these 
spin-polarized electrons to apply torque to the magnetization of the free layer, causing 
its steady-state precession. Now in a spin torque oscillator, this magnetization 
precession can be read out electrically as a resistance change by the giant 
magnetoresistance effect [3] or tunnel magnetoresistance effect [5]. The oscillation of 
the magnetization in the STO also generates AC dipolar magnetic fields which can be 
directly recorded as microwave emissions [6], but the power of the microwave signal 
is much smaller than what could be extracted from the magnetoresistance effect unless 
it is coupled directly to a microwave resonator [7].   
The power of a spin torque oscillator is dependent on the amplitude of resistance 
change caused by the magnetization precession. The resistance of the spin torque 
oscillator is given by: 
ܴ = ܴ௔௩ +
∆ܴ
2 ൫mሬሬሬԦ௙௜௫௘ௗ.mሬሬሬԦ௙௥௘௘൯ ≅ 	ܴ௔௩ +
∆ܴ
2 cos	(ߠ௠) (1.1) 
where ܴ௔௩	is the average resistance of the spin torque oscillator, ߂ܴ is the total change 
in resistance for a device. The instantaneous value of the resistance is determined by 
the difference in the orientations of the magnetization mሬሬሬԦ௙௜௫௘ௗ  of the fixed layer 
and	mሬሬሬԦ௙௥௘௘ of the free layer. This difference is given by	ߠ௠, which is the relative angle 
between the two magnetization orientations, the maximum angular difference 
achieved in oscillations is called as the angle of precession. So the maximum 
resistance change is determined by the total resistance change possible and the angle 
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of magnetization precession. The output power for the spin torque oscillation driving a 
load resistance ܴ௅ is given as: 
௢ܲ௨௧ =
ܫଶ∆ܴଶܴ௅cos	(ߠ௠)ଶ
8(ܴ௔௩ + ܴ௅)  (1.2) 
where ܫ  is the DC bias current applied to the STO to generate the spin-polarized 
electrons. The frequency of oscillation ௢݂ for the spin torque oscillator having small 
precession angle is given by the Kittel formula: 
௢݂ =
γ
2ߨ [൫ܪ௔௣௣ − ܪௗ௜௣ + ܪ௔௡൯൫	ܪ௔௣௣ − ܪௗ௜௣ + ܪ௔௡ + ܪௗ௘௠௔௚
௘௙௙ ൯]ଵ/ଶ (1.3) 
where ܪ௔௣௣ is the external applied magnetic field, ܪௗ௜௣ is the dipole field experienced 
by the free layer, ܪ௔௡  is the in-plane shape based anisotropy field, ܪௗ௘௠௔௚௘௙௙   is the 
effective demagnetization field which depends on the orientation of the magnetization, 
and material property of the free layer and ߛ is gyromagnetic ratio of the electron in 
free layer. The value of the gyromagnetic ratio divided by 2ߨ for the typical materials 
used in spin torque oscillators is of the order of 28 GHz/T.  Thus, a small change in 
the effective field seen by the free layer can cause a large change in frequency output.  
1.1.1 Types of spin torque oscillators 
Spin torque oscillators come in a variety of geometries and use different 
phenomena for their functioning and implementation. On the basis of their geometry, 
the spin torque oscillators are broadly classified as nanocontact or nanopillar (Figure 
1.2)[8]. In nanocontact devices, multiple magnetic layers and spacers are sputtered, 
and the device is formed out of a narrow contact area for injecting current into the 
films [9]. Initially, devices with this geometry were implemented by using a 
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mechanical point contact to the multi-film layer stack (Figure 1.2(a)), but then 
lithographically defined contacts through insulating layers have been used to build 
nanocontact based STO (Figure 1.2(b)). In nanocontact devices, only the area of the 
current generation is limited by the small area of the contact while the magnetic films 
are continuous over a large area. A different geometry of device patterns the entire 
stack of magnetic films including the contact and spacer films to nanopillar geometry 
(Figure 1.2 (c)). In this type of spin torque oscillator, not just the contact but the free 
and fixed magnetic layers are patterned into circular or elliptical shaped nanomagnets, 
whose size and dimensions are defined using a combination of e-beam lithography and 
ion milling. As all the current in nanopillar, geometry flows through entire the device 
stack, the amplitude of current needed for exciting oscillation is much smaller than the 
nanocontact geometry. Where a significant portion of the current gets shunted into the 
 
Figure 1.2: Types of spin torque oscillators based on their geometry. (a) Point-contact 
STO uses a mechanical contact to sputter deposited stack of films forming the STO. 
(b) Nanocontact STO uses lithographically defined ~10 nm2 contact to form an 
electrical connection. (c) Nanopillar geometry where the entire stack of films 
including the magnetic layers are lithographically patterned to form a vertical 




first magnetic layer. Both these geometries of devices can be combined to form hybrid 
devices in which one or more films are patterned, while rest of the film stack is not 
patterned. Typically, the output power of the nanocontact based devices is lower for a 
similar amplitude of current than the nanopillar devices, because they have smaller 
magnetoresistance change. However, recently hybrid nanocontact devices with 
tunneling barriers have been demonstrated with 46% resistance change and a resultant 
high power oscillation of 2 μW [10]. The nanopillar-based devices typically have 
larger linewidths compared to the nanocontact devices. This due to their small size, 
which makes them are more susceptible to thermal fluctuations. The patterning 
process, used to form the nanopillar geometry, introduces fabrication defects, which 
results in the formation of non-uniform edge states and results in larger linewidths 
[11].  
The spin torque oscillators use a variety of materials with different magnetic 
properties in them. By the magnetization orientation, an STO can be classified as in-
plane, out-of-plane and hybrid.  In-plane devices have the magnetization of the free 
and fixed layers in the plane of the films and perpendicular to the direction of current 
flow. These devices typically have low output power, as the angle of precession for in-
plane magnetization is small. They also usually need an external bias magnetic field to 
excite oscillations. Out-of-plane devices have the magnetization of the fixed and free 
layer out of the plane of the films and along the direction of electron flow. These 
devices typically have large output power as the angle of precession in these devices 
can be very large. They also can function in the absence of external magnetic fields 
[12]. Hybrid orientation devices use a combination of in-plane free/fixed layer with 
out-of-plane fixed/free layer and even use tilted free layers. These devices, which have 
been demonstrated with large output powers, operate with low or zero external applied 
field are more complex to realize and fabricate [13].  
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Spin torque oscillators can be differentiated based on the physical phenomenon 
used for their read out. If the spacer material between the fixed and the free layer 
magnet is non-magnetic metal, the magnetoresistance change is due to the giant 
magnetoresistance effect. These types of devices are referred to as spin valves and 
have smaller output power because of the total resistance change, ߂ܴ , is small, 
typically less than 10%. If the spacer material is made of non-conducting oxide, such 
that the spin current flow is due to electron tunneling, the magnetoresistance change is 
due to the tunnel magnetoresistance effect. These types of devices are referred to as 
magnetic tunnel junctions and are most commonly built using the nanopillar geometry. 
The output power of MTJ devices is typically much larger than spin valves because, 
߂ܴ  is large, typically greater than 50% [14].  Another way to differentiate spin torque 
oscillators is based on the physical phenomenon used to generate spin polarized 
electrons, which impart the torque to the free layer magnetization causing its steady-
state precession. Traditionally and as we described, the spin-polarized electrons are 
generated by flowing the electric current through the fixed layer magnet, where the 
spin-transfer effect reorients the electron moment to make it parallel to the fixed layer 
magnetization. Recently, spin torque oscillators have been demonstrated which use the 
spin Hall effect for generation of spin current [15]. This method of spin generation, 
when implemented with the right combination of materials, is shown to be much more 
energy efficient than the traditional spin transfer method [16].  
Spin torque oscillators can be further classified depending upon the modes of 
excitation- whether they are uniform or non-uniform and localized or non-localized. 
For the purpose of this thesis, we are interested in uniform precession modes where we 
can consider the entire magnetization of the free layer to behave in a uniform way and 
for which a macrospin description holds true. Other forms of modes that have 
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interesting characteristics are out of the purview of this thesis. More details on them 
can be found in work by Chen et al. [8]. 
1.1.2 Applications of spin torque oscillators 
Due to their small form factor, sensitivity to external magnetic fields, ease of 
integration with CMOS processing, and their inherent non-linearity spin torque 
oscillators have been proposed for multiple applications. The primary application that 
is also the focus of this thesis is the use of spin torque oscillators as wideband tunable 
and easily integrated signal sources. When compared to other tunable signal sources, 
STOs are extremely fast devices that can be turned on and off quickly. STOs 
outperform voltage controlled oscillators (VCO) and dielectric resonator based 
oscillators (DRO) in their tuning range (Figure 1.3). YIG tunable oscillators (YTO) 
are the only sources that can match STOs in the frequency tuning range, but these 
oscillators have a large size and require high power. When comparing the cost of 
manufacturing, STOs outperform all other devices as they are batch fabricated. STOs 
require lower power than both DROs and YTOs and their power consumption is 
comparable to the VCOs. The only area where STOs fall behind compared to other 
tunable oscillators is their noise performance. STOs have been measured to have phase 
 
Figure 1.3: Comparison between spin torque oscillators and other tunable oscillator 
technologies. Adapted from [8]. 
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noise in the range of -72 dBc/Hz to -55 dBc/Hz at 1 MHz offset from the carrier, 
which is a very large phase noise when compared to -110 dBc/Hz or less observed at 
100 kHz offset for other tunable oscillator technologies.    
Spin torque oscillators have been demonstrated as microwave detectors; in this, 
they use what is called the spin torque diode effect present in MTJ devices. When a 
microwave frequency is close to the ferromagnetic resonance of one of the magnetic 
layers, the AC current due to the microwave frequency excites oscillation in the MTJ.  
The microwave current mixes with the spin torque oscillations to generate a DC 
voltage signal whose amplitude is proportional to the input power of the microwave 
signal [17]. STOs as microwave detectors have shown to detect signals as low as 
10 nW [18]. 
Due to their ability to mutually phase lock and show frequency synchronization 
[19], similar to the behavior of neurons and synapses, spin torque oscillators have been 
proposed for neuromorphic computing [20]. Spin torque oscillators have also been 
proposed for non-Boolean associative computing where their oscillating outputs are 
used as weights in a physical neural network to carry out image recognition, signal 
detection, or deep learning operations, which are time-consuming to perform using 
traditional computing approaches [21].   
Spin torque devices can leveraging their output frequency dependence on the 
external magnetic field for large magnetic field detection and have shown a high 
sensitivity of 180 GHz/T [22]. This technique is different from the traditional use of 
magnetoresistance for field detection [23] because it is independent of the signal 
amplitude and signal to noise ratio, but depends on the frequency of oscillation. The 
sensitivity of the frequency-based detection of magnetic fields is dependent on the 
accuracy in detecting the oscillation frequency of the spin torque devices and is thus 
limited by the linewidth of the device for detecting small magnetic field changes. 
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STOs have an advantage over other traditional field sensors as their nanoscale 
dimensions results in good addressability in detecting fields from high-density 
magnetic media like hard disk drives.  
Apart from the above-mentioned applications spin torque oscillators have been 
proposed to be used for AC magnetic field generation during oscillations, random 
number generation using telegraphic switching and for spin wave generation for 
applications in the upcoming field of magnonics.    
1.1.3 Limitations of spin torque oscillators 
Due to the small size of the spin torque oscillators, they are extremely susceptible 
to temperature fluctuations and thermal noise. In an auto oscillator system like spin 




where ∆ω௢ is the intrinsic linewidth of the oscillator, kܤܶ is the Boltzmann constant 
times the temperature ܶ which represents the thermal energy acting on oscillation and 
ܧ(݌) is the energy of the oscillation mode [24]. As the oscillation mode energy in the 
spin torque oscillators is small, the linewidth is large. Micromagnetic simulations have 
shown that cooling the spin torque oscillator to cryogenic temperatures can reduce the 
STO linewidth with temperature, but experimental measurements have found that the 
linewidth reduction saturates at a temperature of 100 K and further cooling doesn’t 
decrease the STO linewidth further [25].  This means the limitation to spin torque 
oscillators linewidth due to geometric defects and edge states is significant and 
determines the limits of reducing the linewidth in a free-running device. This is 
somewhat verified by the narrow linewidth observed in the nanocontact devices where 
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the oscillation mode is protected from edge states due to the continuity of the magnetic 
films compared to the nanopillar geometry based spin torque oscillators. Additional 
noise is generated due to spatial inhomogeneity during film deposition or growth. This 
results in non-uniform current injection, which causes spatially varying modes in the 
nanomagnet of slightly different frequencies leading to an overall broadening of its 
linewidth. Spin torque oscillators are not just an auto-oscillator but they are non-linear 
auto-oscillators and hence, their oscillation frequency is correlated with oscillation 
power.  Due to the strong correlation, it has been predicted [26] and observed [27] that 
the amplitude variations in the spin torque oscillator couple back into frequency 
fluctuations, adding significantly to the phase noise of the oscillator.   
Along with large the linewidth, frequency hopping has also been observed for spin 
torque oscillators [28]. For spin torque oscillators to be used as signal sources, their 
oscillation frequency needs to be stable over a large period of time, but mode hopping 
in spin torque oscillators from one frequency to another results in decoherence of the 
oscillator frequency. Multiple modes are more commonly observed in nanopillar-
based STOs due to the roughness of the edges in fabrication, resulting in separate edge 
and center mode excitations. When multiple modes are observed the linewidth of the 
oscillator is usually broadened due to the loss in phase as the STO hops from one 
mode to another and back. In the nanocontact based spin torque oscillators, mode 
hopping and frequency jumping is observed at the high drive current, whose onset is 
observed by linewidth broadening. 
The low power of the spin torque oscillator we know already contributes to its 
poor noise performance, but is also presents a challenge for its adoption as a 
technology. The typical output power of the spin torque oscillator is in the range of 
few nanowatts to picowatts. The output power depends upon their readout mechanism 
and the mode of excitation. The highest peak output power for GMR-based devices is 
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25.7 nW measured for out of plane oscillations [29] while the highest output power for 
TMR devices is measured to be 2 μW for a hybrid nanocontact based MTJ device 
[10]. Device designs for reducing the average resistance are crucial for getting high 
output power when connecting to low impedance loads. For MTJs type of spin torque 
oscillators, this means fabricating devices with extremely thin tunnel barriers while 
having large TMR to allow large current flows. In GMR devices, high output power is 
achieved by using highly spin-polarized Heusler alloys for magnetic materials which 
show a large magnetoresistance change.  
1.1.4 Injection, mutual and self-locking of spin torque oscillators 
Experiments have demonstrated that the broad linewidth and the frequency 
instability of the spin torque oscillators can be overcome by applying an external 
signal to the spin torque device [30]. This method of locking the device to an external 
signal is commonly called as injection locking. When injected by external signal 
above a threshold of power, dependent on the mode of oscillation, the frequency of the 
spin torque oscillator locks to the external frequency [31]. In current injection locking 
experiments, Rippard et al. [32] showed that, when locked, the spin torque oscillator 
linewidth reduces significantly and it takes the noise characteristics of the externally 
injected signal.  Injection locking of the spin torque oscillators has also been observed 
by applying AC magnetic fields, and they showed similar characteristics as the current 
injection locking. By injecting an external signal with narrow linewidth and good 
phase noise performance, we can stabilize the spin torque oscillator and improve its 
phase noise.  
Mutual locking of spin torque oscillators by spin wave coupling has demonstrated 
similar effects of enhancement in the linewidth as well increase in the output power 
due to phase matching between the two oscillators [19]. In this experiment, two 
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nanocontact based spin torque oscillators were fabricated on continuous magnetic 
films and their combined outputs were measured on a spectrum analyzer. When the 
oscillation frequencies of the oscillators were tuned to the same frequency, the output 
observed on the spectrum analyzer showed decreased linewidth at the common 
oscillation frequency. The output power increased by phase matching of the two 
oscillators was significantly more than the sum of the powers of the individual 
oscillators. This is due to the effect of injection locking with phase matching between 
the individual oscillators, which was indicated by the dependence of the output power 
on the phase of the individual oscillators, even when they are locked to each other. 
This method of improving both the linewidth and the oscillation power is very 
attractive for spin torque oscillators as unlike injection locking it doesn’t require an 
external AC signal. The challenges in extending this system have been in increasing 
the area of spin wave coupling to couple multiple spin torque oscillators and in 
fabricating a large number of oscillators close to one another. Even after more than a 
decade of experimentation, the highest number of oscillators that have been 
demonstrated to be mutually phase-locked is only five [33]. Additionally, the 
linewidth improvement in the mutually locked spin torque oscillator, though 
significant, is limited by the natural linewidth of the individual spin torque devices and 
its stability susceptible to temperature changes. 
A novel method for improving the phase noise and frequency stability in auto-
oscillator systems has been proposed by Slavin et al. [34]. They observed in 
simulations that when the output of the auto oscillator, when fed back to the device via 
filter or a delay line, could substantially reduce the linewidth of the device. This type 
of locking of an oscillator to its signal is called as self-locking or delayed self-locking. 
The reduction in linewidth they observed is dependent upon the delay, the amplifier 
gain, and the oscillator’s phase. This theory for a general auto oscillator was extended 
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for the case of spin torque oscillator having vortex oscillation modes by Khalsa et al. 
[35]. In their numerical simulation, they observed that the linewidth of the oscillator 
could be decreased by as much as 4 times when the oscillator is injection-locked with 
some delay to its own input without additional gain. The first experimental 
measurements of the effect of delayed feedback for a small amplitude of delay showed 
a reduction in the linewidth by 60% for a delay of 35 ns [36]. This was observed for 
no additional gain applied in feedback. The linewidth reduction in self-injection 
locked oscillators can be further enhanced with amplification of the signal before 
feedback, such that amplitude of the signal is high enough to injection lock the device. 
Kumar et al. recently implemented self-injection locking with amplified signal in 
presence of delay line [37]. In their experiments, they saw an extremely coherent 
microwave signal with linewidth less than 200 kHz at 2.5 GHz frequency, compared 
to an open loop signal where they see linewidth as large as 50 to 100 MHz. The 
equation of the linewidth, dependent on the loop delay in the self-injection locked auto 
oscillator system by Kumar et al., was given as:  






(1 + ߱௙∆ݐ(1 − ݌௢))ଶ 
(1.5) 
Where ߣ is the dynamic damping factor, ݒ denotes dimensionless frequency shift 
with respect to the amplitude of oscillations given by	݌௢ , ߙ is the Gilbert damping 
constant, and ߂ݐ is the delay of the loop.  We can thus see that the linewidth (ܨܹܪܯ) 
of the oscillator is inversely proportional to the amplitude of the oscillation power and 
the delay in the feedback loop. By increasing the delay in the self-locking loop, we can 
decrease the linewidth of the oscillator further for a given amplitude of oscillation.  
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This delayed self-locking of the oscillator using a gain stage is another form of a 
delay-line oscillator. In various delay-line oscillator systems, a similar inverse 
dependence of phase noise on the loop delay has been observed, where for a given 
power level, adding more delay in the feedback improves the phase noise. This has 
experimentally been observed and implemented in spin-wave delay line oscillators 
[38] and in optoelectronic oscillators [39]. Even in ring oscillator circuits a decrease in 
phase noise for a given output power with increasing delay was measured [40]. Delay-
line-based self-locking is a useful technique for improving the linewidth and the phase 
noise of spin torque oscillators. It’s more advantageous compared to injection locking 
because it is independent of an external signal source needed for locking the signal 
and only relies on the delay and gain for self-locking. Compared to mutual phase 
locking, the self-locking technique doesn’t suffer from complex requirements for 
fabrication, can be made more resistant to temperature fluctuations and has a potential 
to scale to multiple spin torque oscillators, if they all are self-locked via a common 
delay line feedback path. 
1.2 MEMS resonator based locking of spin torque oscillators 
Spin torque oscillators, we learned, are ideal candidates for a variety of application 
including magnetic field sensing, neuromorphic computing and most prominently for 
gigahertz frequency tunable oscillators. The biggest challenge they need to overcome 
for the wide-scale adaptation is to increase their frequency stability and reduce their 
linewidths, to improve their phase noise performance. The linewidth and frequency 
stability can be best enhanced by self-locking the spin torque oscillator with a large 
delay in a feedback system. MEMS resonators, due to their small form factors and 




MEMS resonators have been used in oscillators as signal sources for 
communication and timing applications [41]. They have been integrated with CMOS 
electronics for multiple applications like gyroscopes [42], accelerometers [43], 
oscillators [44] and filters [45].  The application space for MEMS resonators is large 
due to their high quality factors, which when used in oscillators, translates to excellent 
phase noise performance. The high quality factor of the MEMS resonator results in a 
substantial delay when the resonator is considered as a delay element. The relation 
between delay and quality factor for a resonator having frequency ߱௠ is given as:  
∆ݐ = 2 × Qω୫  (1.6) 
where, ∆ݐ	is the effective delay due to a resonator with quality factor	ܳ. So, the higher 
the quality factor of the device, the more is the effective delay it represents. Typical 
MEMS resonators have been demonstrated with quality factors greater than 1000 at a 
frequency of 3.4 GHz [46]. The effective delay for such a MEMS resonator is 0.5 μs. 
This is about 80 times the delay observed in the delay based self-locked spin torque 
oscillator demonstrated by  Kumar et al. [37]. Thus, a MEMS resonator when 
connected in feedback with a self-locked spin torque oscillator can provide a large 
quantity of delay and will filter the frequency output of the STO, increasing the ∆ ௢݂/ ௢݂ 
ratio of the closed loop system to reduce the linewidth of the oscillator. In such a 
system, the high quality factor of the MEMS resonator sets the linewidth of the spin 
torque oscillator and results in a low phase noise oscillation output (Figure 1.4).  We 
call this hybrid system, combining the magnetic spin torque oscillators and acoustic 












Figure 1.4: Magneto-Acoustic oscillator where self-locking of spin torque oscillator is 
implemented using high quality factor MEMS as a delay element to improve the 
linewidth of the oscillator. In a traditional electrical circuit picture, this is represented 
as a MEMS resonator which filters the output of the spin torque oscillator and feeds it 
back to injection lock it and thus improves its linewidth. 
1.3 Dissertation outline 
This thesis presents results about the improvement in the linewidth of spin torque 
oscillators, by coupling them to high quality factor MEMS resonators. Contributions 
in each of the following chapters towards that goal have been summarized below.  
High-overtone bulk acoustic resonators 
In Chapter 2, we present work on high-overtone bulk acoustic resonators, which 
are ideal candidates for the role of MEMS resonators in the magneto-acoustic 
oscillator, due to their multiple high quality factor resonances across a broad 
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bandwidth of frequencies. We present work on fabricating, characterizing and 
analyzing their performance for their role in the building magneto-acoustic oscillator.    
Acoustic strain-based locking of spin torque oscillator 
In Chapter 3, we discuss using strain as the feedback mechanism for implementing 
magneto-acoustic oscillator. We show how strain can interact with spin torque 
oscillator and how this mechanism can be implemented by doing macrospin modeling 
of a spin torque oscillator in presence of AC strain. We do a realistic estimation of the 
amplitude of strain needed to see locking in spin torque devices. We also do an 
estimate of the efficiency of this strain based magneto-acoustic oscillator and compare 
it to a current based magneto-acoustic oscillator.  
Spin valve devices for magneto-acoustic oscillators  
In Chapter 4, we characterize and measure spin valve devices made out of 
CoFeGe/CoFe and Terfenol-D based free layers as spin torque oscillators needed to 
implement the magneto-acoustic oscillator. We do locking measurements on the spin 
valve oscillators to characterize the amplitude of a signal necessary to see injection 
locking for implementing current based magneto-acoustic oscillator. We couple the 
spin valve oscillator to HBAR in open loop configuration to show a reduction in 
linewidth and improved noise performance of the spin torque oscillators. We perform 
measurements on a closed loop current based magneto-acoustic oscillator and discuss 
the challenges in their successful implementation. 
Spin Hall effect-MTJs for switches and magneto-acoustic oscillators 
In Chapter 5, we fabricate and characterize spin Hall effect employing magnetic 
tunnel junctions as a candidate for the spin torque oscillators in magneto-acoustic 
oscillators. We show an implementation of the SHE-MTJ coupled to HBAR in an 
open loop configuration that shows promising improvement in linewidth of SHE-MTJ. 
We also fabricate and characterize the performance of SHE-MTJs as switches and 
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demonstrate bi-directional high-speed switching at sub10 ns time scale. We further 
study the effect of scaling SHE electrode compared to the MTJ size and make 
observations regarding the suitability of SHE-MTJs as MRAM bit cells.  
Summary and Future work 
In Chapter 6, we discuss issues faced in implementing magneto-acoustic oscillator 
and summarize significant results achieved in this thesis. We then discuss future 
directions for implementing a novel microwave feedback based magneto-acoustic 
oscillator and also propose a new fabrication process flow that will make the strain 




















CHAPTER 2  
HIGH-OVERTONE BULK ACOUSTIC RESONATORS 
2.1 Introduction 
Film Bulk Acoustic Resonators (FBAR) have become a standard component in 
cellular systems as filters [47] and are even being employed as gigahertz frequency 
oscillators used for sensing and timing applications [46]. These devices leverage the 
recent developments in high quality thin piezoelectric film sputtering for pushing the 
frequency into the multi-gigahertz frequency range. FBARs have high 
electromechanical efficiency and high quality factors, which results in large bandwidth 
and sharp roll off when used as filters. When used as oscillators, this leads to narrow 
linewidths with excellent phase noise performance [48]. The advantage of FBARs in 
filter or oscillator comes from their design which suppresses spurious modes and 
allows for only one single thickness expansion mode over a large bandwidth. For the 
purpose of our application to make tunable signal sources, we need a resonator that 
provides FBAR like performance but at several frequencies over a wide bandwidth. 
Such a resonator, with multiple usable resonant frequencies and high quality factors, 
was first demonstrated by Lakin et al. [49].  High-overtone bulk acoustic resonators 
(HBARs) consist of a piezoelectric film acting as a transducer to generate a standing 
wave resonance in a several wavelengths thick substrate (Figure 2.1). In other words, 
it is an FBAR mounted on a low loss acoustic substrate, where the acoustic substrate 
acts as a resonant cavity. Lakin et al. demonstrated HBARs at 1 to 1.6 GHz frequency 
range as they were limited in the scaling of thickness and in the quality of the 





Figure 2.1: Example of an HBAR resonator shows a piezoelectric thin film 
sandwiched between drive electrodes solidly mounted on a substrate which acts as an 
acoustic cavity.  
The quality factor of HBAR has been demonstrated to be very high, nearing the 
viscoelastic limit of the substrate [50]. The quality factor depends on the acoustic 
losses in the substrate and the piezoelectric film, the smoothness of the substrate 
surface and its flatness. Only a fraction of the mode volume is in the piezoelectric film, 
while most of the energy is stored in the substrate.  Hence, the losses in the substrate 
dominate the quality factor of the HBAR. Resonances occur at frequencies where the 
total resonator thickness is a multiple of the half wavelength given by the fundamental 
mode of the substrate. The spacing between the resonant frequencies ∆݂  is the 
frequency of the fundamental thickness mode ௢݂ of the substrate given by: 
 ∆݂ = ௢݂ = ௖೗ೞೠ್ଶ௧ೞೠ್ (2.1) 
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where ܿ௟௦௨௕	is the longitudinal wave velocity in the substrate and ݐ௦௨௕is the thickness 
of the substrate. The efficiency of driving and picking of resonant modes over a given 
frequency range is dependent on the resonant frequency of the piezoelectric film 




where ܿ௧௣௜௘௭௢ is the longitudinal wave velocity in the piezoelectric film and ݐ௣௜௘௭௢ is 
the thickness of the piezoelectric film.  
In this chapter, we are going to study the HBAR in two different configurations. 
First, HBAR as a 1-port device, which can be used as a stress generator in a scheme 
for acoustic strain based locking, is described in Chapter 3. Secondly, HBAR can be 
used as a 2-port multi-frequency filter which can be utilized for filtering the AC signal 
generated by spin torque oscillator and for building a current based magneto-acoustic 
oscillator system, which is described in detail in Chapter 4. 
2.2 1-Port HBAR as a strain generator 
MacQuarrie et al. were first to demonstrate acoustically mediated spin-state 
control of nitrogen-vacancy (NV) centers in diamond using HBAR as a stress 
generator [51]. In their system, using HBAR, they launched stress waves into the 
diamond substrate, where these stress waves interacted with the ground state spin 
triplet of an NV center causing spins to change their state from ݉௦ = |+1ۧ to|−1ۧ. 
They further demonstrated complete, coherent control of the quantum states by driving 
Rabi oscillations between |+1ۧ to |−1ۧ spin states [52]. In a similar approach, an 
HBAR can be used to apply AC stress to the free layer of a spin torque oscillator. 
Using this AC stress, the HBAR can lock the spin torque oscillator at the frequency of 
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the applied stress. To understand the limits of HBAR as a stress generator in silicon, 
and compare its performance in high quality acoustic materials like silicon carbide and 
diamond, we fabricated HBARs on all these substrates and measured quality factor as 
a function of temperature from 80 K to room temperature at multiple resonant 
frequencies for each sample.  The quality factors measured were then used to estimate 
the maximum stress generated for a given drive at an anti-node inside the wafer, using 
a 1D analytical model of an HBAR.  
2.2.1 1-port HBAR design and fabrication 
2.2.1.1 HBAR simulation in Comsol 
To design the HBAR effectively in silicon, we developed a 2D axisymmetric 
model of HBAR in Comsol FEA solver. The model assumed the quality factor of  
2000 for resonant frequencies in a range of 3-4 GHz. This frequency range was picked 
to match the oscillation frequencies of the CoFeGe/CoFe spin valves shown in 
Chapter 4.  In the model, we used c axis oriented aluminum nitride (AlN) as the 
piezoelectric material having a thickness of 1.5 μm. AlN piezoelectric film is 
sandwiched between 200 nm platinum as the bottom electrode and 200 nm aluminum 
as the top electrode. The size of the simulated devices is 75 μm radius on a 500 μm 
thick silicon substrate. Using the frequency domain analysis, we were able to extract 
the admittance spectrum for HBAR (Figure 2.2(a))  showing multiple resonance peaks 
in the 3-4 GHz frequency range.  At the resonant frequency of 3.385 GHz, we 
simulated the displacement in the HBAR (Figure 2.2(b)), where we see the HBAR 
mode showing alternate bands of expansion and compression along the depth into the 
silicon substrate. We were also able to extract the stress generated over the depth into 
the silicon substrate by the HBAR driven by a 1 V peak signal (Figure 2.3). Stress up 
to an amplitude of 3.3 MPa can be generated at anti-node for a quality factor of 2000. 
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The stress is observed to be periodic over the thickness and its period matches the 





















Figure 2.2: Comsol simulation of HBAR with a silicon substrate.  (a) Admittance as a 
function of frequency shows multiple resonances. (b) Displacement over the depth of 




Figure 2.3: Stress generated by HBAR in the silicon substrate due to 1 V drive at 
3.385 GHz. We can observe the periodic nature of the stress standing wave into the 
depth of the substrate.  
2.2.1.2 Fabrication of HBAR on Silicon and Silicon Carbide substrate 
Silicon and silicon carbide are ubiquitous semiconductor materials that are readily 
available in wafer sizes. Hence the process flow for both these HBARs is similar. 
Silicon HBARs were fabricated on 4-inch, 500 μm thick, <100> oriented double side 
polished (DSP) high resistivity substrates. In fabricating silicon carbide HBARs, we 
used double side polished 8º of <1120> 3-inch wafers made of a 4H polytype of SiC. 
Fabrication process flow for HBARs starts with LPCVD deposition of 200 nm thick 




Figure 2.4: Fabrication process flow for silicon and silicon carbide HBAR 
is no shorting between the devices on silicon or SiC substrates. This is followed by 
sputtering 200 nm thick bottom metal (Figure 2.4(b)). Platinum is used as the bottom 
metal for silicon and molybdenum is used for silicon carbide. We then perform XRD 
measurements to ensure the bottom metal has <111> lattice orientation. This is needed 
for the columnar growth of <200> AlN on the bottom metal. 1.5 μm thick AlN is 
deposited by reactive-ion sputtering at 400ºC (Figure 2.4(c)). Rocking curve 
measurements are performed to ensure the AlN has good piezoelectric properties. 
FWHM of 1.5º was measured on the silicon wafer while FWHM of 1.2º was measured 
on the SiC wafer. AlN is then etched using a photo resist mask in phosphoric acid 
heated to 160ºC, to open via for making contact to the bottom metal. AlN gets etched 
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by TMAH, which is a common ingredient in the developers used in photolithography. 
To avoid using TMAH, we used TMAH free developer like CD-30 which works 
efficiently with positive photoresist like S1818. An aluminum electrode of 200 nm 
thickness is e-beam evaporated and is pattered by resist liftoff to form the silicon and 
SiC HBARs (Figure 2.4(f)). Scanning electron micrograph of a 250 μm radius silicon 















Figure 2.5: Scanning electron micrograph of 250 μm radius HBAR have 1.5 μm thick 









Figure 2.6: Fabrication process flow for diamond HBAR.  
2.2.1.3 Fabrication of HBAR on Diamond substrate 
The diamond substrate used in making HBARs is a 300 μm thick chip, oriented 
along the <100> direction. These chips are commercially available, synthetic single 
crystal type IIA CVD grown diamonds from Element Six Corporation. Because the 
diamond surface is nonconductive, the bottom platinum electrode can be directly 
sputtered on the surface without need for a spacer like silicon nitride. The fabrication 
process flow starts with sputtering 200 nm thick platinum as the bottom metal on the 
diamond surface (Figure 2.6(a)). We then perform XRD measurements to ensure the 
platinum is <111> lattice oriented. <111> oriented platinum is needed for the 
columnar growth of <200> zinc oxide (ZnO) which is used as the piezoelectric 
material for diamond HBAR. 2.5 μm thick ZnO is then reactive-ion sputtered on the 
bottom platinum electrode (Figure 2.6(b)). During ZnO deposition, we use a shadow 
mask on the diamond chip to ensure access to platinum electrode for testing; this helps 
us avoid an additional ZnO etching step. An S1805 photoresist is spray coated on the 
diamond chip and is then pattered using contact lithography (Figure 2.6(c)). Spray 
coating is necessary as the diamond chips are 3 mm × 3 mm in size and face issues 
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with spinning resist of uniform thickness. An aluminum electrode of 200 nm thickness 
is e-beam evaporated and then patterned by liftoff to define the top electrode to form 
the diamond HBAR (Figure 2.6(d)).  
2.2.2 Device characterization 
1-port HBAR devices are measured with the top electrode being the signal port 
and the bottom electrode acting as the ground plane. The characterization setup for 
HBARs consists of a LakeShore vacuum probe station, with the capability to 
accurately control the temperature of the device under test from 80 K to 295 K and an 
Agilent N5230A parametric network analyzer (Figure 2.7). During the measurement, 
cable and probe parasitics were de-embedded from measured signal using calibration 
substrates. ଵܵଵ  measurements performed using the network analyzer, are used to 
extract device admittance ଵܻଵ using Equation (2.3) where ܼ݋ is 50 Ω. The admittance 
versus the frequency spectra lets us know accurately the mechanical resonance (series 
resonance) frequency, which cannot be measured directly from the ଵܵଵ data. Quality 
factor of resonances of interest are then calculated from the measured spectrum, using 














ܼ݋ × (1 − ଵܵଵ) (2.3) 
2.2.2.1 Admittance measurements of Silicon HBAR 
Admittance spectrum from 75 μm radius device on silicon substrate measured at 

















Figure 2.8: (a) Admittance versus frequency of 75 μm radius silicon HBAR. (b) 
Quality factor 2562 of a single resonance at 2.194 GHz and the associated maximum 
stress generated due to 1 V peak drive at the resonance frequency. 
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set of resonances at 2.2 GHz (Figure 2.8(a)) and another set of resonances around 
3.4 GHz (Figure 2.9(a)). The quality factor of the 2.194 GHz mechanical mode was 
measured to be 2562 (Figure 2.8(b)), while that of the 3.38 GHz mode was measured 
to be 1054 (Figure 2.9(b)). Similar measurements were done on 250 μm radius SiC 
HBAR and 250 μm radius diamond HBAR to extract their admittance spectra and 
quality factors. The quality factor multiplied by frequency f-Q product was then 

















Figure 2.9: (a) Admittance versus frequency of 75 μm radius silicon HBAR. (b) 
Quality factor 1054 of a single resonance at 3.38 GHz and the associated maximum 
stress generated due to 1 V peak drive at the resonance frequency. 
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2.2.2.2 f-Q product measurements from 80 K to room temperature 
The LakeShore probe station (Figure 2.7) was used to cool the silicon devices 
down to 80 K and measurements were performed up to the room temperature of 295 K. 
Quality factor was measured for different resonances at each temperature step. These 
measurements were then repeated on SiC and diamond devices. The f-Q products in 
silicon were studied for 1 GHz, 2.23 GHz, and 3.02 GHz resonance. In SiC, we 
measured the f-Q product of resonances at 592 MHz, 1.1 GHz, 3.2 GHz and 3.4 GHz. 
In the diamond HBARs, we measured the f-Q products of resonances at 530 MHz and 
1.45 GHz. To compare the f-Q products to the theoretical limits of resonator 
performance, we benchmark them to the phonon-phonon damping values adopted 
from Tabrizian et al. [54].  There are two major frequency dependent phonon-phonon 
damping based loss mechanisms: Akheiser and Landau-Rumer. The Akheiser 
mechanism dominates at low frequencies, and its range is limited to 700 MHz in 
silicon, where the wavelength of the acoustic mode is larger than the mean free path of 
the phonons. In this mechanism, the maximum achievable f-Q product is constant for 
longitudinal waves; so, as the frequency increases the quality factor decreases 
inversely. The Landau-Rumer mechanism is dominant at high frequencies, where the 
phonon mean free path is smaller compared to the wavelength of the acoustic mode. In 
such a scenario, three-phonon interactions are the dominant phonon loss mechanism. 
Hence, the maximum achievable f-Q product increases linearly with frequency. These 
regions of dominance by the Akheiser damping or the Landau-Rumer damping are 
demarcated by frequencies which are dependent on the thermal phonon relaxation 
lifetimes in the materials.  
The f-Q product for silicon was measured to be 2.4×1012 Hz at room temperature 
for 1 GHz resonance, 3.7×1012 Hz for the 2.23 GHz and 2.1×1012 Hz for the 3.02 GHz 
resonance (Figure 2.10(a)). These values, though large, are one order of magnitude 
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smaller than the theoretical limit at room temperature. At 160 K, the f-Q product 
increased to 5.9×1012 Hz for 1 GHz, 5.1×1012 Hz for 2.23 GHz and 4.8×1012 Hz for 
the 3.02 GHz mode (Figure 2.10(b)). Cooling silicon HBAR to 80 K, the f-Q product 
further increased to 1.2×1013 Hz for 1 GHz, 1.17×1013 Hz for 2.23 GHz and 
1.57×1013 Hz for 3.02 GHz mode (Figure 2.10(c)). The SiC HBAR had the highest 
measured f-Q among the three materials at all the resonant frequencies as its 
theoretical f-Q product is also the highest. Compared to its theoretical limits, the SiC 
HBAR had f-Q product lower by more than an order of magnitude. The diamond 
HBAR had the lowest f-Q product among the three materials, with the f-Q product 
being two orders of magnitude lower than the theoretically predicted limits.  
ܳ = ܶି௔೅ (2.4) 
To understand what might be the dominant loss mechanism in these different 
HBARs, we plot the quality factor as a function of temperature, of one resonance in 
the Landau-Rumer damping regime for each of the substrates. We observe that the 
silicon HBAR and SiC HBAR quality factors scale rapidly as the temperature drops, 
while the quality factors of diamond HBAR quality factor increases very slightly 
(Figure 2.11). Fitting the quality factor (Q) to temperature (T) using Equation (2.4), 
where ்ܽ  shows the temperature scaling temperament of the HBAR. ்ܽ  was 
calculated to be 1.556 and 1.472 for SiC and silicon HBAR respectively. When ்ܽ is 
0, it means that the quality factor doesn’t scale with temperature and the dominant loss 
mechanism is anchor loss, which is temperature independent. Now, with high values 
for ்ܽ, we can say that in silicon and SiC HBARs anchor loss, which is energy lost to 
the substrate boundaries, isn’t the dominant loss mechanism. In diamond HBAR, the 
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value of ்ܽ  was calculated to be 0.376, implying that anchor loss is much more 


















Figure 2.10: f-Q product vs. frequency of HBAR measured at temperatures (a) 295 K, 
(b) 160 K and (c) 80 K. Data points on the plots represent measured resonances of 
silicon (red), diamond (green) and SiC (blue) HBARs. The lines on the graph 
represent the two different phonon-phonon dissipation limited f-Q product calculated 
for materials at room temperature.  
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Figure 2.11: Quality Factor vs. Temperature. (a) 3.4 GHz mode of SiC HBAR in blue 
shows quality factor scaling from 10,800 at 295 K to 82,000 at 80 K. (b) 3.02 GHz 
mode of the silicon HBAR in red shows quality factor scaling from 720 at 295 K to 
5220 at 80 K. 1.45 GHz mode of the diamond HBAR in green shows quality factor 
scaling from 2232 at 295 K to 3564 at 80 K. The trend lines represent fits to Equation 
(2.4).  
2.2.3 Analytical model for Stress generated by HBAR 
Understanding the limits and electrical performance of the HBAR devices, we want 
to translate these values into the mechanical performance as the 1-port HBAR is meant 
to be used as stress generator [55, 56].  Mathematically, we can calculate the stress 
generated in an HBAR into the depth of substrate (Z direction) using a 1D model for a 








Figure 2.12: Material and dimensional parameters used for analytical model of stress 
generated by HBAR 
Longitudinal stress ( ௭ܶ) and displacement current (ܦ௭) due to application of an AC 
voltage of amplitude ௘ܸ௫௧  in Z direction on a piezoelectric film is described by 
constitutive equations:  
௭ܶ = ܿଷଷாܵ௭ + ݁ଷଷ ݀∅ ݀ݖ⁄  (2.5) 
ܦ௭ = ∈ଷଷா ܧ௭ + ݁ଷଷܵ௭	 (2.6) 
where ∅[ݖ, ݐ]	is the potential across the piezoelectric layer, ܵ௭	the strain in Z direction, 
ܧ௭ is the electric field, ܿଷଷ  is the stiffness coefficient, ݁ଷଷ  is the piezoelectric 
coefficient and ∈ଷଷis the dielectric permittivity of the piezoelectric layer. The HBAR 














where ݑ௭  is the displacement along the Z direction at any point in the resonator.  
ߟ௣௜௘௭௢, which is the damping of this resonator is inversely proportional to the quality 
factor (ܳ) of the resonator and is given by:  
ߟ௣௜௘௭௢ = ߩ௣௜௘௭௢߱ ܳ⁄  (2.8) 
݇ଷଷ which accounts the effect of applied electric potential to the displacement caused 
by the piezoelectric layer, is given by:  
	݇ଷଷଶ = ݁ଷଷଶ ∈௣௜௘௭௢ ܿଷଷாൗ  (2.9) 
We assume quasistatic condition and that there are no free carriers in the piezoelectric 
film, by applying conditions : 
  ߘ ∙ ܦ = 0 (2.10) 
ܧ௭ = −ߘ ∙ ∅[ݖ, ݐ] (2.11) 
to displacement current (Equation (2.6)) gives us as a second order differential 








We guess the solution to this differential equation is of the form:  
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∅[ݖ, ݐ] = ቊ ݁ଷଷ∈௣௜௘௭௢ ݑଵ[ݖ] + ܣ1	ݖ + ܣ2ቋ ݁
௝௪௧ 
(2.13) 
where ܣ1 and ܣ2 are constants and  ݑଵ[ݖ] is the displacement in the piezoelectric 
layer. For resonant solutions, we can further assume that the displacements in the 
piezoelectric layer  ݑଵ[ݖ]  and the substrate ݑଶ[ݖ] are of the in form of standing waves 
and are described as: 
ݑଵ[ݖ] = ܥ1 sin൫ߛ௣௜௘௭௢	ݖ൯ + ܥ2cos൫ߛ௣௜௘௭௢	ݖ൯ (2.14) 
ݑଶ[ݖ] = ܥ3 sin(ߛௌ௨௕	ݖ) + ܥ4cos(ߛௌ௨௕ ݖ) (2.15) 
Where	ܥ1,	ܥ2,	ܥ3	and	ܥ4	are constants and ߛ	 is the wave number in the piezoelectric 
layer and substrate is given by:  
ߛ = √(ߩ߱ଶ − ݅߱ߟ ܧ⁄ ) (2.16) 
Substituting the solutions to the differential equation in Equation (2.5), we can 
calculate the stress generated in the piezoelectric layer ( ଵܶ) and in the substrate ( ଶܶ) 
as: 
ଵܶ[ݖ] = ܿଷଷ஽ ݑ′ଵ[ݖ] + ܣ1 ݁ଷଷ (2.17) 
ଶܶ[ݖ] = ܧ௦௨௕ ݑ′ଶ[ݖ] (2.18) 
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We have six constants 		ܣ1 , 	ܣ2 , 	ܥ1 , 	ܥ2 , 	ܥ3	  and 	ܥ4  which when plugged into 
Equation (2.17) and Equation (2.18) give us a value for stress generated at a particular 
depth of the resonator for a given frequency, quality factor and applied voltage. These 
constants represent complex relations between the material properties, inputs to the 
resonator and its performance. To calculate the closed form values, we apply six 
boundary conditions to the resonator.  Two of the boundary conditions are given by 
the free surfaces at the top of the piezoelectric and the bottom of the substrate, where 
the stress ଵܶ and ଶܶ go to zero. Then we have continuity conditions at the interface of 
the piezoelectric transducer and the substrate stating that stress and displacement are 
continuous across the interface. This implies that the stress ଵܶ in the piezoelectric layer 
and ଶܶ in the substrate have the same value at the interface. The continuity condition 
also applies to the displacement ݑଵ in the piezoelectric layer and ݑଶ in the substrate 
being equal at the interface. Lastly, we have two more boundary conditions due to the 
known input drive signal. We know that the potential at the top electrode is the drive 
signal  ௘ܸ௫௧ and that the potential at the ground plane goes to 0. Applying the boundary 
conditions, we get solutions to all the assumed constants, whose values are shown in 
Chapter 7.1. 
We get some key insights from the analytical model, observing the effect of drive 
signal, quality factor and material of the HBAR on the maximum stress that can be 
generated. We observe that the stress is proportional to the amplitude of the drive 
signal and the stiffness of the substrate and scales linearly with it even to large values. 
While with quality factor, we observe that though initially at low quality factors the 
stress increases proportionally with the quality factor, it soon begins to saturate as 
quality factors becomes arbitrarily large. This is non-intuitive as a key resonator 
principle states that the displacement (thus strain and stress by relation) scales as a 
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multiple of the quality factor. This effect was also verified by doing simulations in 
Comsol, where we observed stagnation in the amplitude of stress as the quality factor 
was increased to large values (Figure 2.13). Plugging in the material properties, 
geometric sizes and the measured quality factors in the analytical model, we calculated 
the maximum stress generated for various substrates as shown in Table 2.1. We 
observe that the silicon HBAR at 3.02 GHz with a quality factor of 720 can generate 
2.20 MPa of stress. When the quality factor increases to 5220, the amplitude of stress 
produced increases to 2.90 MPa.  
Table 2.1: Stress generated by HBAR for a 1 V drive 
HBAR Material Stress at 295 K Stress at 8૙ K 
Silicon -3.02 GHz 2.20 MPa 2.90 MPa 
Diamond -1.45 GHz 1.43 MPa 1.51 MPa 









Figure 2.13: Maximum stress generated versus quality factor extracted from 
simulation of 1-Port HBAR in Comsol. 
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2.3 2-Port HBAR as a multi frequency filter 
HBARs, we showed in the previous section have capability to provide very high 
quality factor resonances at gigahertz frequencies. HBARs can thus have potential to 
be utlized as filters or as resonant elements for frequency generation in gigahertz 
oscillators, when mutiple devices are connected in a network. A more direct approach 
to use HBAR as resonant element in electric circuits demands a two port configuration. 
Recently, laterally coupled HBAR have been shown as two port resonant elements, 
allowing them to be diretly used as series filters in microwave frequency circuits [57]. 
The challenge of these devices have been scaling them to high gigahertz frequencies 
range while having low transmission loss. Reinhardt et al. in [58] showed that 
frequency of operation can be extended to 2-5 GHz range by using two HBARs made 
of thin film piezoelectric AlN on saphhire, placed close to each other. Sapphire is used 
for having low acosutic losses and enhancing the mechanical coupling between the 
two HBAR. In this configuration, one HBAR acts as input port while the other acts as 
output port. Electrical signal from the input port is mechanically coupled through the 
substrate via the HBAR resonance modes to the electrical pickoff of the output port. 
These devices show low transmission losses in the range of -15 to -25 dB at 4-5 GHz 
frequencies. Reinhardt et al. demonstrated that the magnitude of transmission loss is 
dependent on the spacing between the two laterally coupled ports. As the gap between 
the ports increases, the mechanical coupling between the two resonant elements 
decreases and the transmission loss increases. Transmission loss is also dependent on 
the acousitc material, with high quality acoustic materials like sapphire having lower 
losses as compared to silicon.   
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2.3.1 Laterally coupled HBAR design and fabrication 
2.3.1.1 Comsol simulation of laterally coupled HBAR 
To design the laterally coupled HBAR effectively, we developed a 2D 
axisymmetric model of the device in Comsol FEA solver. In the model, we have two 
1-port HBAR devices separated by 5 μm gap placed on a common sapphire substrate. 
The model assumed the quality factor of  3000 for resonant frequencies in the range of 
4-8 GHz, which is typical for sapphire having an f-Q product of 1×1014 Hz. This 
frequency range was picked to match the oscillation frequencies of the CoFeGe/CoFe 
spin valves discussed in Chapter 4.  In the model, we used c axis oriented AlN as the 
piezoelectric material of 600 nm thickness. AlN piezoelectric film is sandwiched 
between 100 nm platinum as the bottom electrode and 100 nm thick aluminum as the 
top electrode. The size of the simulated devices is 25 μm radius for the input port and 
15 um radius ring for the output port on a 500 μm thick sapphire substrate. Using the 
frequency domain analysis, we were able to extract the admittance spectrum for 
HBAR (Figure 2.14(a))  showing multiple resonance peaks in the 4-8 GHz frequency 
range.  At one of the resonant frequency of 5.21 GHz, we simulated the displacement 
in the HBAR (Figure 2.14(b)), where we see the alternate bands of high expansion and 
compression in the areas underneath the input port electrode on the left side through 
the depth of the sapphire substrate. We also notice the weaker displacement 
amplitudes from underneath the gap between two electrodes and under the output port 
electrode on the right side. We were able to extract the electrical signal transmission 
from port one to port two shown by ܵଶଵ	versus frequency spectra (Figure 2.15), where 
we observe multiple resonance peaks over entire frequency range. The peaks are 
spaced by uniform gap, which is given by ∆݂  as shown in Equation (2.1).  The 
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simulated transmission losses for laterally coupled HBAR are about -20 dB to -40 dB 
range. 
 
Figure 2.14: Laterally coupled HBAR on sapphire substrate simulated in Comsol.  (a) 
Admittance in Siemens as a function of frequency in GHz shows multiple resonances. 
(b) Displacement in nanometers over the depth of HBAR shows red areas of 
expansion and blue area of compression as mechanical energy is coupled from input 













Figure 2.15: ܵଶଵ versus frequency extracted from Comsol simulation of laterally 
coupled HBAR on a sapphire substrate.  Multiple resonances spaced by frequency ∆݂ 
are observed over the frequency range of 5 GHz to 7 GHz with transmission losses in 
the range of -20 dB to -40 dB. 
2.3.1.2 Fabrication of laterally coupled HBAR 
C-plane (0001) oriented sapphire wafers were used for fabricating laterally 
coupled HBARs. We preferred wafers of 300 μm thickness to have a frequency 
spacing of 20 MHz between resonances due to lack of availability, we used 650 μm 
thick, double side polished 4-inch sapphire substrate. Fabrication process flow for 
HBARs starts with photolithography for patterning the bottom metal (Figure 2.16(a)). 
We use a resist mask to pattern platinum bottom metal of thickness 200 nm via liftoff. 
The bottom metal is patterned to remove it from underneath the aluminum electrodes. 
This helps in reducing the capacitance of the device, which becomes a significant 
factor at high frequencies (Figure 2.16(b)). We then perform XRD measurements to 
ensure the bottom metal has <111> lattice orientation. This is needed for the c axis 
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oriented growth of <200> AlN on the bottom metal. A 600 nm thick AlN layer is 
deposited by reactive-ion sputtering at 400ºC (Figure 2.16(c)). Rocking curve 
measurements are performed to ensure that the AlN has good piezoelectric properties; 
FWHM of 1.85º was measured for <200> peak of the AlN deposited on the sapphire 
wafer. The AlN layer is then etched using a photoresist mask in phosphoric acid 
heated to 160ºC to open via for connecting to the bottom metal. AlN gets etched by 
TMAH, which is a common ingredient in the developers used in photolithography. To 
avoid using TMAH, we used TMAH free developer like CD-30, which works 
efficiently with positive photoresist like S1818. An aluminum electrode of thickness 
100 nm is e-beam evaporated and is patterned by resist liftoff to form laterally couple 
two-port HBAR (Figure 2.16(f)). Microscope image of a 50 μm radius input port 
device which is laterally spaced by 5 μm from the output port shows all the 

































Figure 2.17: Microscope image of laterally coupled HBAR fabricated on a sapphire 
substrate. The input port called Port 1 has a radius of 50 μm, is spaced from output 
port called Port 2 by a 5 μm gap. The dark area around and underneath the aluminum 
top electrode is where the platinum removed by lifting off photoresist for reducing the 









Figure 2.18: ܵଶଵ versus frequency from 1.5 GHz to 3 GHz shows multiple resonances 
with transmission loss ranging from -44 dB to -34 dB.  
2.3.2 Device characterization 
The characterization setup for laterally coupled HBARs is similar to the one 
described for 1-Port HBAR in Chapter 2.2.2. It consists of probe station for probing 
the device under a microscope and an Agilent N5230A parametric network analyzer. 
In these measurements, we use two ports of the network analyzer to measure the ܵଶଵ 
transmission response of the HBAR. Cable and probe parasitics were not de-
embedded to get a realistic performance of the device when it is meant to be used as 
inline filter in Chapter 4 and Chapter 5. The ܵଶଵversus the frequency was plotted over 
1.5 GHz to 6 GHz frequency range shows the device performance. At low frequencies, 


























Figure 2.19: ܵଶଵ  versus frequency (a) 3 GHz to 5 GHz frequency ranges and (b) 
5 GHz to 6 GHz frequency ranges show multiple high quality factor resonances.  
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Figure 2.20: ܵଶଵ  versus frequency plot shows the spacing of 9.2 MHz between 
resonances at 3.57 GHz. 
At higher frequency range between 3 GHz to 6 GHz, there is a better matching 
between the piezoelectric pickoff and the mechanical resonances; hence, the 
transmission losses reduce to -25 dB (Figure 2.19). The resonances are periodic in 
nature, as simulated and the period is roughly 9.1 MHz (Figure 2.20). This frequency 
spacing is smaller than what we intended and is due to lack of availability of thinner 
sapphire substrate.  Table 2.2 shows the measured quality factor from the Q circle for 
different resonances. The f-Q product for the 6 GHz resonance was measured to be 





Table 2.2 Quality factors and f-Q products of laterally coupled HBAR 
Frequency (GHz) Quality Factor f-Q product (Hz) 
2.265 7575 1.71×1013 
3.036 33551 1.01×1014 
3.982  22753 9.06×1013 
4.581  23737 1.09×1014 
4.981  22136 1.10×1014 
5.044  20177 1.02×1014 
6.034  24675 1.49×1014 
6.969 20805 1.45×1014 
 
2.4 Conclusion and future directions 
In this chapter, we have demonstrated microelectromechanical components which 
will be coupled to spin torque oscillators to form the magneto-acoustic oscillator. We 
described two types of these components. One for mechanical stress/strain wave based 
coupling to spin torque oscillator and second, for electrical filtering based coupling to 
the spin torque oscillator.  
1-Port HBAR devices, which form the mechanical coupling components, were 
simulated, fabricated and measured. These silicon-based devices, when benchmarked 
against diamond and silicon carbide based devices, outperformed the diamond in their 
quality factor and the amplitude of stress that can be generated. We show that silicon 
HBARs can generate 2.2 MPa of stress for 1 V drive amplitude. We also studied the 
loss mechanisms in these devices and concluded that though partially limited by 
anchor loss, the devices have good resonator performance. Solving the general 
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equation of motion for the specific case of the HBAR, we were able to develop an 
analytical model for HBAR that lets us estimate the amplitude of stress/strain 
generated by an HBAR for a given resonant frequency and quality factor of a mode. 
Laterally coupled HBAR are relatively new devices that allow us to use HBAR 
directly as high quality factor, multi frequency gigahertz inline filters. 2-Port HBARs 
that were fabricated on the sapphire substrate show sharp resonances over a wide 
range of frequencies, from 1.5 GHz all the way up to 8 GHz. By keeping the spacing 
between the two ports small, we were able to get transmission loss as low as -25 dB 
over a wide range of frequencies. The quality factors for the laterally coupled HBARs 
are extremely high hence the filter bandwidth at all the resonance frequencies is 
narrow and will result in sharp output oscillations. We measured record breaking f-Q 
product of 1.49×1014 Hz at 6 GHz, which shows that these HBARs potentially can be 




CHAPTER 3  
ACOUSTIC STRAIN-BASED LOCKING OF SPIN TORQUE OSCILLATOR 
3.1 Introduction 
As discussed in Chapter 1.1 spin torque oscillators (STOs) are nanoscale, gigahertz 
frequency, and self-oscillating magnetic devices. STOs are advantageous due to their 
tiny form factor and large tuning range. However, they suffer from low output power 
and large linewidths that limit their practical use. To address these issues,  locking 
multiple STOs to a common external reference oscillator has been proposed and 
injection locking to a microwave current source has been demonstrated [30]. Injection 
locking STO has shown to improve the output power and reduced the linewidth. 
Tamaru et al. [59] recently demonstrated a spin torque oscillator with a linewidth of 
1 Hz. This was accomplished by using, STO as a voltage controlled oscillator in a 
high-speed phase locked loop circuit.  Both these schemes are limited in their 
application because they need high quality external references to work. Moreover, 
when STOs are used in these schemes, they lose their frequency tunability. 
Additionally,  there are further challenges to scaling injection locking to lock multiple 
devices due to impedance mismatch and phase delays between STOs [60, 61].  
In this chapter, we discuss a new scheme to overcome the challenges faced by an 
injection locking system. We demonstrate locking of STOs by using an AC high 
frequency strain generated by 1-port HBAR devices, as discussed in Chapter 2.2. In 
acoustic strain locking of STO, an external reference source is not required. The signal 
from the STO can be amplified and used to drive the HBAR to generate AC strain. 
The HBAR then filters the broad linewidth AC signal from the STO to transduce AC 
strain at its resonance frequencies. When the AC strain is applied to free layer of the 
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STO, due to inverse magnetostriction effect, it generates an effective AC magnetic 
field [62]. The generated AC magnetic field acts as a locking signal for the STO, 
narrowing its linewidth and increasing its output power. Acoustic locking can be 
scaled to a large number of STOs. Multiple closely spaced STOs can be locked by a 
single HBAR, to generate a narrow linewidth output.  
We present a realistic macrospin mathematical model for a spin torque oscillator 
that incorporates the effect of AC strain acting on its magnetostrictive free layer. We 
demonstrate that we can use the AC strain to lock a spin torque oscillator by observing 
the Fourier transform of the STO output. Using the analytical model for the HBAR 
discussed in Chapter 2.2.3, we estimate the voltage drive for a given quality factor of a 
HBAR that is needed to acoustically lock the spin torque oscillator.  
3.2 Macrospin model of STO with magnetostrictive free layer  
3.2.1 Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation  
Magnetization dynamics of the free layer of a spin torque oscillator are modelled 
using the LLGS equation given by: 




2݁݀ܯ௦ ෝ݉ × ( ෝ݉ × ݁݌ෞ) (3.1) 
where, ෝ݉  is a unit vector  given by: 
ෝ݉ = ܯሬሬԦ/ܯ௦ (3.2) 
is the magnetization ܯሬሬԦof the free layer, and where ܯ௦ is the saturation magnetization 
[4]. The first term on the right side of Equation (3.1) describes the precession of the 
magnetization ෝ݉  around the effective magnetic field 	ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ , where γ is the 
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gyromagnetic ratio of the electron in free layer of the STO (Figure 3.1). The second 
term on the right side of Equation (3.1) is the damping term, where α  is the 
phenomenological Gilbert damping constant. The damping term relaxes the 
magnetization ෝ݉  along magnetic field	ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ . The value of Gilbert damping constant is 
material dependent and has an origin in magnon-magnon and magnon-phonon 
scattering [4]. The third term on the right side of Equation (3.1) represents the in-plane 
spin torque term, where ܬ	is the current density, ħ is the reduced plank constant, η is 
the spin polarization efficiency, ݁ is the charge of an electron, and ݀ is the thickness of 
the free layer. Here ݁݌ෞ	is the spin polarizer vector which is along the direction of the 
polarizer or the fixed layer magnet in an STO. ݁݌ෞ  in Equation (3.1) is used to 
represent the direction of the spin-polarized electrons that are applying a torque to the 
magnetization of the free layer. In addition to the in-plane spin transfer torque, there is 
an out-of-plane (OOP) torque, whose amplitude can be as much as 40% of in-plane 
torque for MTJs based STOs. The OOP torque acts along or against the externally 








Figure 3.1: Illustration of LLGS equation. Adopted from [63]. 
The amplitude and the sign of the current density ܬ have direct control over the 
spin transfer torque amplitude and direction. By increasing the magnitude of the bias 
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current, the spin torque can overcome the damping in the free layer. This results in 
steady state precession of magnetization. The total effective magnetic field ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ  for 
the free layer magnet is the derivative of its total energy ܧ௘௙௙ሬሬሬሬሬሬሬሬԦ  with respect to its 
magnetization ෝ݉  given by: 
ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ = ݀ܧ௘௙௙ሬሬሬሬሬሬሬሬԦ ݀ ෝ݉⁄  (3.1) 
The components of  ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ  are derived from constituent energy terms of the magnet are 
given as:  
ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ = ܪ௔௣ሬሬሬሬሬሬሬԦ + ܪ௔௡ ො݊( ො݊. ෝ݉ ) + ܪௗ መ݀( መ݀ . ෝ݉) + ܪ்ሬሬሬሬሬԦ (3.2) 
ܪ௔௣ሬሬሬሬሬሬሬԦ	  is the external applied magnetic field which is used as a bias field to get 
oscillations. By varying ܪ௔௣ሬሬሬሬሬሬሬԦ	  the frequency of oscillation of the STO can be changed. 
ܪ௔௡  and ܪௗ are the anisotropy and demagnetization fields whose amplitude and 
directions ො݊ and መ݀  respectively are dependent on the shape of the magnet [64]. The 
size and the shape of the free layer magnet also determine the initial direction of the 
magnetization	 ෝ݉ . In the simulation, the direction of magnetization is given in polar 
coordinates with the azimuthal angle ߮ and polar angle ߠ. 
3.2.1.1 Thermal Noise in LLGS 
The effect of non-zero temperature ܶ and corresponding thermal noise in dynamics 
of magnetization is accounted via term ܪ்ሬሬሬሬሬԦ  in Equation (3.4). ܪ்ሬሬሬሬሬԦ  is a Gaussian-
distributed Langevin term with random direction whose RMS amplitude was 
calculated using fluctuation-dissipation theorem is given by: 
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ܪோ்ெௌ = ඥ2α݇஻ܶ γܯ௦ܸ∆ݐ⁄  (3.3) 
where ∆ݐ is the simulation step size, ܸ is the volume of the free layer magnet and ݇஻ is 
the Boltzmann constant [65]. Additionally, to incorporate the effect of thermal noise in 
the model we assume that the starting azimuthal angle ߮଴	and polar angle ߠ଴	of the 
magnetization have random fluctuations around them. The RMS amplitudes of these 
thermal fluctuations calculated using equipartition theorem is given by: 
߮଴ோெௌ = ඥ݇஻ܶ ܪ௔௡ܯ௦ܸ⁄  (3.6) 
ߠ଴ோெௌ = ඥ݇஻ܶ ܪௗܯ௦ܸ⁄  (3.7) 
3.2.1.2 Magnetoelastic strain-based locking term 
The effect of out-of-plane strain applied by the HBAR on the free layer magnet 
can be incorporated in the magnetization dynamics as an effective out-of-plane 
uniaxial shape-anisotropy term 	ܪ௦௧  that has a directional component given by the 
direction of the strain as	̂ݐ. The amplitude of  ܪ௦௧ is given by: 
ܪ௦௧ = 2ܤ௘௙௙ܵ ܯ௦⁄  (3.8) 
where ܤ௘௙௙  is the magneto-elastic coupling coefficient. The value of which is 
dependent on the material of the free layer magnet. The amplitude of ܪ௦௧  is 
proportional to ܵ which is the magnitude of the AC strain along direction ̂ݐ acting on 
the free layer of STO. Thus the effect of strain is incorporated in the LLGS equation 
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by adding the uniaxial shape-anisotropy term to Equation (3.4). The resultant total 
magnetic field ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ is given by: 
		ܪ௘௙௙ሬሬሬሬሬሬሬሬሬԦ = ܪ௔௣ሬሬሬሬሬሬሬԦ + ܪ௔௡ ො݊( ො݊. ෝ݉ ) + ܪௗ መ݀( መ݀ . ෝ݉ ) + ܪ்ሬሬሬሬሬԦ + ܪ௦௧̂ݐ(̂ݐ. ෝ݉ ) (3.9) 
3.2.2 Simulation parameters 
In our STO simulation, we use an MTJ with CoFeB for both free and fixed layers. 
An MgO tunnel barrier separates these layers. The size of the free layer and its 
associated magnetic and material properties are shown in Table 3.1 have been adopted 
from work by Liu et al. [15]. We used the value for ܤ௘௙௙ of a 1.5 nm thin CoFeB film 
from Gowtham et al. [66].  DC bias currents values and the ܪ௔௣ሬሬሬሬሬሬሬԦ  values are also shown 
in Table 3.1.  For our simulation model with the chosen elliptical shape and size of the 
free layer the shape ܪ௔௡	is along the long axis of the magnet in X direction and ܪௗ, 
which keeps the in-plane magnet from pointing out-of-plane, is along the Z direction 








Figure 3.2: Directions of free layer magnetization, applied magnetic field, strain 
generated uniaxial anisotropy field	ܪ௦௧, polarizer ݁݌ෞ, and the coordinate system used 
in the simulations. 
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The initial direction of magnetization ෝ݉  is assumed to be along the +X axis. 
Externally applied bias field ܪ௔௣ሬሬሬሬሬሬሬԦ  of amplitude 300 Oe is along the easy axis of the 
magnet in the +X direction. The HBAR will generate strain in the Z direction which is 
the out-of-plane direction for the magnet. Thus the magneto-elastic field due to strain 
ܪ௦௧	will be along the Z direction. The direction of the spin-polarized current due to the 
polarizer layer ݁݌ෞ  is chosen along the +X direction. In the simulation, we use step 
time (∆t) of 10 ps, with a total simulation time of 1 µs. This results in a resolution of 
2 MHz in the frequency spectrum. Simulations were first done without the AC strain ܵ 
to extract the original spectra of the STO and then repeated with strain field applied at 
the fundamental oscillation frequency. After first 30 ns, the strain field is turned on 
which is sufficient time for magnetization to settle into steady-state precession.  
 
Table 3.1 Simulation parameters for macrospin model of STO incorporating 
effect of AC strain 
Property Value 
Free	layer size 170 ݊݉ × 100 ݊݉ × 1.5	݊݉ 
ܯ௦ 1100 erg/ܿ݉ଷ 
ܪ௔௡ 219 ܱ݁ 
ܪௗ 13000 ܱ݁ 
α 0.01 
ܤ௘௙௙ −7 × 10଻emu/ܿ݉ଷ 
η 0.3 
ܪ௔௣ 300 ܱ݁ 
Current	Range 1.8 − 13 mA 
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3.2.3 Simulation results 
As we changed the applied bias current from 1.8 mA to 13 mA, the frequency of 
the simulated STO changes from 3 GHz to 11 GHz. The frequency changes because of 
the amplitude of the spin torque, dependent on the applied bias current, changes the 
trajectory of the magnetization precession. For an MTJ based STO, the maximum 
applicable current is usually limited to low milliamps due to the tunneling barrier. 
However, we consider all these modes to demonstrate, that irrespective of the mode 
shape, acoustic locking of the mode is feasible. There are two main types of modes 
observed in the spin torque oscillators that have different behaviors with applied bias 
current. The first mode is the in-plane mode (Figure 3.4(a)), where the oscillation 
frequency decreases with the increasing bias current.  Second is the out-of-plane mode 
for which the oscillation frequency increases with the bias current (Figure 3.4(b)). As 
the STO transitions from in-plane mode to the out-of-plane mode, it goes through a 
region where the mode has the clam-like shape (Figure 3.4(c)). This clam-shaped 
mode is considered as a subset of the in-plane mode as it follows the same frequency-
current relationship. In this mode, the magnetization tilts slightly out-of-plane in both 

























Figure 3.4: Magnetization of the free layer in different oscillation modes. (a) In-plane 
mode of oscillation with the frequency of 9.445 GHz observed at a bias current of 
2.1 mA. (b) Out-of-plane mode of oscillation with frequency 7.685 GHz observed at a 
bias current of 7 mA. (c) Clam-shaped mode of oscillation with frequency 5.766 GHz 
observed at a bias current of 2.85 mA. 
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3.2.3.1 Effect of AC strain on simulation results 
Effect of the applied AC strain induced locking of the STO is studied by taking the 
Fourier transform of the AC output voltage of the STO. The amplitude of the output 
voltage depends on a fractional change in the output resistance of the STO due to 
magnetization precession. The magnitude of the resistance change is dependent on the 
maximum change in the MTJ impedance. This occurs when the device switches from 
parallel state to antiparallel state and the precession angle of the magnetization around 
the polarizer. For the fast Fourier transform of the output signal, we consider the 
oscillation data only after initial 60 ns. This is sufficient amount of time for 
magnetization to settle into steady state precession and for it to respond to the locking 
AC strain ܵ. From our results we observe that AC strain can be used to successfully 
lock all three different oscillation modes of STO (Figure 3.5). The relative amplitude 
of the STO oscillation in the absence of the locking signal across different oscillation 
modes is reflective of the actual amplitude measured in different experiments [3, 9, 
67]. Specifically, the output power of STO increases from in-plane mode (Figure 
3.5(a)) to out-of-plane mode (Figure 3.5(b)), with the clam-shaped mode of oscillation 
(Figure 3.5(c)) having intermediate output power. In the FFT spectrum of STO with 
AC strain, we observed increased output power. We also observe, the linewidth of the 
oscillation narrowing around the frequency of the applied AC strain along with the 
suppression of spurious modes. This change in the output is indicative of the locking 
of the STO across various modes by the AC strain (ܵ) that can be generated by the 
HBAR. 
The amplitude of the AC strain needed to lock STOs in the different modes of 
oscillations is shown in Table 3.2. Out-of-plane mode needed 21 ppm of AC strain, 
while in-plane mode required 107 ppm. The huge difference in amplitude of strain ܵ is 


























Figure 3.5 FFT spectrum of the STO with locking AC strain ܵ in red and without 
locking strain in blue for the (a) in-plane mode, (b) out-of-plane mode and (c) clam-
shaped mode of oscillation.  
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Table 3.2 Strain amplitude and drive voltages needed for locking 
 
as a dot product with magnetization ෝ݉  as shown in Equation (3.9). For the Z-
directional strain used in our simulations, the amplitude of ܪ௦௧ is weighted by the Z 
component of	 ෝ݉ . In the in-plane mode of oscillation, the magnetization precession is 
mostly along the X-Y plane with a tiny Z component, so the locking field amplitude is 
greatly reduced when it is coupled into the LLGS equation.  Hence, a larger magnitude 
of AC strain is required for locking in-plane mode compared to the out-of-plane or 
clam-shaped modes. Table 3.2 also shows the voltage drive needed by an AlN HBAR 
with a silicon substrate, to generate the locking strain amplitude at the frequency of the 
STO oscillation. The drive voltage values were calculated using the analytical model 
for HBAR described in Chapter 2.2.3. We assumed a quality factor of 1000 and the 
AlN film thickness of half the wavelength, to get efficient drive and pickoff [68]. ܪ௦௧ 
due to the Z-directional strain acts a small AC signal on top of the constant DC Z-
directional demagnetization field ܪௗ  of amplitude 13000 Oe. Hence, we need a 
significant amount of strain to lock the STO. The magnitude of Z-directional strain 
needed to lock an STO scales proportionally with the demagnetization field. 
3.2.3.2 Locking range of AC strain 
HBARs have resonances at fixed frequencies and are spaced by a fixed frequency 
gap which is described in detail in Chapter 2.2.1. This makes HBAR ideal for locking 
Oscillation Mode 




In-Plane 107 4.9 
Clam-Shaped 33 2.2 
Out-of-Plane 21 1.4 
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tunable oscillators like STO, as we can hop from one resonance to other as the 
oscillation frequency changes. If the HBAR resonance is offset from the oscillation 
frequency of STO, we can still pull the signal to the nearest resonance frequency by 
applying higher amplitude of strain. The pulling/locking range of acoustic strain 
locking was studied by repeating the locking simulation in which the strain is applied 
by an offset frequency ∆ ௅݂௢௖௞ to the oscillation frequency. The locking range of AC 
strain(ܵ ) for the clam-shaped mode of oscillation with frequency 5.766 GHz was 
calculated from multiple simulations (Figure 3.6). We observe that the locking range 








Figure 3.6: Frequency offset from the STO output frequency versus amplitude of AC 
strain	ܵ needed to lock the STO calculated from simulations for the clam-shaped mode 
of oscillation at 5.766 GHz. 
The limit of the locking range, observed as a saturation of the offset frequency, 
was not seen in our simulations, because we limited our simulations to maximum 
strain amplitude of 110 ppm, which is very tough to achieve using HBAR. An HBAR 
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which typically has resonances spaced by 10 MHz can easily be easily used to pull and 
lock an STO oscillation frequency within its range. 
3.3 Challenges in acoustic strain locking of spin torque oscillators 
The model for acoustic locking an STO using AC strain generated from an HBAR 
shows that, with a strong drive signal applied to the HBAR, we can lock the STO 
output oscillation to the closest HBAR resonance. However, implementing such a 
system isn’t straightforward. Apart from the challenges in the complex fabrication 
process, which would involve a double side fabrication with STO on one side and 
HBAR fabricated on another side, main challenge comes from accurately positioning 
the free layer magnet in the STO at the acoustic standing wave antinode, for efficiently 
driving the STO. To study this in detail, we plot the position of the of the standing 
wave antinode, where the strain is maximum, from the surface edge at different 
frequencies in silicon HBAR (Figure 3.7).  This position corresponds to the quarter 
wavelength of the HBAR mode, as the strain at the surface is zero. At 2 GHz, the 
strain maxima is located at 1.2 μm into the substrate while at 8 GHz, the strain is 
maximum at 300 nm into the substrate. This becomes more challenging considering 
that typically the STO material stack, including the contact leads, is about 100 nm 
thick, with the free layer being only 80 nm from the surface. Thus, there is an inherent 
position mismatch with the size of STO being small compared the acoustic 












Figure 3.7: Maximum strain position from the surface edge as a function of frequency. 
Position mismatch can be remedied by having thicker leads to make contacts to the 
STO. A better solution that ensures the quality factor of HBAR is unaffected by the 
STO fabricated on the backside of the substrate. Is to add a capping layer made of a 
high quality acoustic material (high f-Q product) like silicon dioxide or silicon nitride 
on top the MTJ, to position the free layer accurate at a strain maxima. This solution, 
though elegant, only works over a short frequency range. If we modulate the 
oscillation frequency of the STO changes from 4 GHz to 6 GHz, the corresponding 
change in the wavelength of the acoustic mode, causes the strain maxima position shift 
200 nm, from 0.6 μm to 0.4 μm (Figure 3.7). This change in the maxima position is 
larger at low frequencies. For a frequency change from 4 GHz to 2 GHz, typically 
observed for devices shown in Chapter 4, the strain maxima shifts by 500 nm (Figure 
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3.7).  This shift in the strain maxima is 5 times the size of a typical STO. A solution to 
this problem is to choose the capping layer thickness optimally to position the free 
layer magnet half way between the strain maxima positions, given by its frequency 
tuning range. This allows for best strain coupling in the center of the frequency range. 
The efficiency lost in strain coupling at both the ends of the frequency tuning range, 
has to be recovered by driving the HBAR with a larger voltage.  
3.3.1 Acoustic strain injection locking versus current injection locking 
It is important to compare the system efficiency in terms of power and signal 
amplification needed between acoustic AC strain-based injection locking and AC 
current/voltage-based injection locking. Drive voltages required for strain locking for 
different modes ranges from 1.4 V to 4.9 V are shown in Table 3.2. For building a 
strain based locking system in feedback with HBAR, we would need to amplify the 









Figure 3.8: Acoustic strain based magneto-acoustic oscillator. The output from the 
STO is amplified and feedback via HBAR as strain SHBAR to lock the STO. Low pass 
filter shows that only the fundamental mode is feedback without higher harmonics.  
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Typical output powers for the SHE-MTJs oscillators, as discussed in Chapter 5, 
are 20 pW. So the output voltage measured for a 50 Ω load is 31.6 μV. Assuming that 
HBAR input impedance is matched to the output of the amplifiers we would need 
about 97 dB of power gain to drive voltage of 2.2 V for HBAR to generate enough 
strain for locking the STO. To compare, the power needed for current-based injection 
locking to strain-based locking of the STO, we did macrospin simulations of STO with 
an AC current injected into the device. All the simulation parameters for the two 
systems were identical so that the results could be compared directly. The simulation 
was done for the clam shaped mode of oscillation with frequency 5.766 GHz observed 
for a DC bias current of 2.85 mA. In the macrospin model, the AC current of 50 μA 
applied after 30 ns into the simulation through current density term  ܬ  shown in 
Equation (3.1) was able to lock the oscillator (Figure 3.9). Considering the impedance 
of the SHE-MTJ is 5 kΩ the locking signal power is 12.5 μW. The amplification gain 
needed if the STO output was feedback to lock itself is 68 dB, which is 39 dB less 










Figure 3.9: FFT spectrum of the STO with locking AC current of 50 μA in red and 
without locking current in blue for a clam shaped mode of oscillation.  
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We can, therefore, implement AC current-based locking system, where the output 
power of the STO is amplified and filtered by a laterally coupled HBAR and feedback 
to the STO as a filtered AC current (Figure 3.10). This AC current then locks the STO, 
resulting in a narrow linewidth signal. Considering even -20 dB transmission loss in 
laterally coupled HBAR the current-based magneto-acoustic oscillator is still more 
efficient than the strain-based magneto-acoustic oscillator. The current-based 
magneto-acoustic oscillator also works efficiently across the entire frequency range of 
operation of both the STO and the HBAR. This is unlike the strain-based version, 
where more gain is needed if the free layer magnet is offset from the strain maxima 
position. The current-based magneto-acoustic oscillator greatly simplifies the 
fabrication process involved in implementing the system, as the devices are fabricated 




Figure 3.10: Current based magneto-acoustic oscillator. The output from the STO is 
amplified and feedback via HBAR as AC current IHBAR to lock the STO. Low pass 
filter shows that only the fundamental mode is feedback without higher harmonics.  
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3.4 Conclusion and future directions 
In this chapter, we have presented a novel scheme which uses AC strain generated 
by a high-overtone bulk acoustic resonator to injection lock the spin torque oscillator. 
We developed a realistic macrospin model of STO using an LLGS equation that 
incorporates the effect of strain acting on the free layer of a magnet by using a 
magnetoelastic coupling term. The macrospin model accounts for the effect of thermal 
noise and shows enhancement in linewidth when subjected to AC locking strain. We 
have demonstrated locking for various oscillation modes of STO. We observed that 
the out-of-plane strain generated by the HBAR is more suited for locking the clam-
shaped mode or the out-of-plane mode. Using the analytical model for HBAR as a 
strain generator from Chapter 2.2.3, we calculated the amplitude of drive voltages 
needed for locking the different modes of the STO. We did simulations to study the 
locking range of AC strained-based locking and observed that the locking range 
increases linearly with the amplitude of AC strain.  
Acoustic strain-based locking, though interesting, has some critical challenges for 
implementation. One significant problem is the positioning of the STO at a correct 
depth using a capping layer for getting efficient strain transduction. However, such a 
scheme is still limited to narrow frequency of operation. This is particularly true at low 
gigahertz frequencies, where the strain maxima position shifts rapidly with the 
frequency of operation. This problem can be fixed by driving the device harder, which 
makes the AC strain based locking less efficient. We also compared the AC strain-
based locking to the AC current-based locking with respect to their efficiencies. This 
was done to develop a closed loop system, where STO output is amplified and is fed 
back as strain or current to lock the STO. In such systems, we observed that the AC 
current based locking is superior as it requires lesser gain to lock the STO. 
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Furthermore, unlike the strain-based version, the AC current feedback-based magneto-
acoustic oscillator works equally efficiently across a larger range of bandwidth. It is 
also much easier to design, fabricate, and implement. 
 
In the future, AC strain based locking can be implemented efficiently by using a 
thin film FBAR device. This device can generate AC strain much more effectively 
than the HBAR. While such a device is more efficient as strain transducer, it will be 
limited in the number of mechanical modes it can drive to make a tunable magneto-
acoustic oscillator.   
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CHAPTER 4  
 SPIN VALVE DEVICES FOR MAGNETO-ACOUSTIC OSCILLATORS  
4.1 Introduction 
Spin valve devices, in their basic form, consist of two conducting ferromagnets 
that are separated by a non-magnetic metallic spacer. The resistance of spin valve 
device depends upon the relative alignment of magnetization of the two magnetic 
layers. The term “spin valve” was coined by Dieny et al. [69] describing an all 
metallic device, which allows the flow of spin current when the moments of the 
magnetic layers are parallel and blocks the spin current when the layer magnetizations 
are antiparallel. This spin current transmission, which changes the resistance of the 
spin valve, based on the relative direction of the magnetization is called the giant 
magnetoresistance effect (GMR). GMR originally was discovered in structures that 
had the current flow in the plane (CIP) of the magnetic layers [70]. The same principle 
applies to spin valve devices, which have current flow perpendicular to the plane (CPP) 
of the magnetic layers. In fact, in CPP devices the resistance change due to GMR is 
much more prominent, and it allows for large spin-polarized current flow [71]. This 
large current flow is necessary to use spin-transfer effects for switching or oscillating 
the device impedance from high impedance to low impedance and vice versa [4]. 
To understand the physics behind GMR, we look at the typical band structure for a 
transition metal based upon the ݏ݀ model proposed by Mott et al. [72] (Figure 4.1(a)). 
In the model, we assume that transition metals consist of partially filled ݀	shells, 
which provide most of the spin polarization, as exchange interaction promotes 
alignment of electron spins in them. Unlike the s electrons, most of the ݀  shell 
electrons are below the Fermi level and have larger effective masses with low 
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velocities, so they do not contribute to current flow. Electrons with magnetic moments 
parallel to the magnetization direction are called the majority electrons, while 
electrons with magnetic moments antiparallel to magnetization are called minority 
electrons. Since the minority ݀ band is at the Fermi surface, there are many more 
minority spins than majority spins (majority ݀ band is below Fermi surface) at the 
Fermi surface. Most of the electron scattering preserves spin direction, majority 
electrons scatter into other majority states and similarly, minority electrons scatter into 
other minority states. As there are a larger number of minority states at the Fermi level 
(Figure 4.1 (b)), there is more scattering for minority spin electrons as compared to 
majority spin electrons. This called as ݏ݀ scattering. Most of the current is anyway due 
to ݏ electrons, the dominant part of the current is composed of flow of majority ݏ 





Figure 4.1: (a) Schematic density of states for a transition metal. (b) Calculated density 










Figure 4.2: (a) Magnetic layers in a parallel state where electron pass through the 
interface with no or minimal scattering as they maintain their spin states. (b) Magnetic 
layers in an antiparallel state where there is high scattering due to a state change from 
the majority to minority electrons and vice versa. (c) Magnetic layer layers in an 
intermediate state where there is spin torque,	݉௦௧, applied to the magnetization of both 
the layers. Here the conduction electrons rotate their polarizations and in this process 
apply a torque to the magnetization of the layer. Adopted from [25]. 
To understand how the spin dependent scattering causes a resistance change in 
spin valves that is dependent on the relative directions of the magnetizations, we 
consider the interface between two magnets. These magnets have independent 
magnetizations, ݉௣  and ݉௙  for the polarizer (fixed) layer and the free layer 
respectively (Figure 4.2) [25]. The electron scattering, when the magnetization 
orientations are parallel is small because the spin states of electrons are preserved as 
they flow from one layer to another. The current flow in a parallel configuration is 
dominated by majority electrons resulting in a low resistance state (Figure 4.2(a)).  
The electrons are scattered strongly from the interface of the magnets and in the bulk 
when their spin state changes as they flow from one layer to another. This happens 
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when the magnetization orientations are antiparallel. Increased scattering of electrons 
leads to higher resistance because the current flow is in the antiparallel state is 
dominated by minority electrons (Figure 4.2(b)). In case of partial non-alignment 
(Figure 4.2(c)) where, ߠ௠ is the angle between the magnetization of free layer and 
polarizer, the device resistance ܴ is given by: 
ܴ = ܴ௔௩ −
∆ܴ
2 cos	(ߠ௠) (4.1) 
where, ܴ௔௩ is the average resistance of the device given by: 
ܴ௔௩ =
ܴ௔௣ + ܴ௣
2  (4.2) 
ܴ௔௣  and ܴ௣  are the resistance antiparallel and parallel state respectively. ∆ܴ  is the 
difference in the impedance of the two states is given by:  
∆ܴ = ܴ௔௣ − ܴ௣ (4.3) 
In spin valve devices, we use a thin metallic spacer between the two magnetic 
layers. This spacer is needed because due to the exchange coupling at the interface of 
two magnetic layers, it is impossible to get a sharp change in magnetization. The most 
commonly used spacer is copper; it has a large spin-flip relaxation length at room 
temperature (~100 nm) and it can match the states of the conducting electrons from 
transition metals magnets, resulting in low unwanted scattering. The thickness of the 
spacer is kept smaller than the spin flip relaxation length to avoid unintentional 
scattering and to observe a large change in the magnetoresistance as the state changes 
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from parallel to antiparallel and vice versa. Typically spin valves have low 
magnetoresistance ratio (ܯܴ) of 2-10% which is calculated as: 
ܯܴ = ∆ܴ ܴ௣ൗ  (4.4) 
with small resistance area products in the range of 10-2  Ωμm2 with cross-sectional 
areas, less than 250 nm diameter to ensure that spin transfer torque effect dominates 
over the Oersted fields produced due to current flow through the device.  
In this chapter, we first study spin valves of nanopillar geometry with the free 
layer made of CoFe/CoFeGe bilayer. These devices fabricated in collaboration with 
Dr. Patrick Braganca of HGST will be used as a model STO for building current-based 
magneto-acoustic oscillator we described in Chapter 3.3.1. This implementation of 
STO is preferable to SHE-STO because their device impedance is smaller by two 
orders of magnitude, so higher locking current can be applied at lower input power, 
making this system much more efficient to implement and experiment on.  
In this chapter, we also investigate nanopillar spin valves with TbDyFe (Terfenol-
D) free layer. TbDyFe is highly magnetostrictive material and has recently gathered 
interest for designing low power strain-based switching of magnetic random access 
memory [74, 75]. TbDyFe, though investigated independently as a magnetic material, 
hasn’t been used in a spin valve or MTJ configuration. These spin valve devices, 
which have Terfenol-D as the free layer were also fabricated in collaboration with Dr. 
Patrick Braganca, HGST, are completely identical to the CoFe/CoFeGe free layer 
devices in the structure and hence provides us an opportunity to benchmark their 





4.2 CoFe/CoFeGe spin valve device 
CoFe/CoFeGe magnet used as the free layer of a spin valve has shown to have 
high ܯܴ of 6% [76]. These devices use a pinned fixed layer, which is implemented by 
pinning the reference layer magnet to synthetic antiferromagnet (SAF) using exchange 
interaction by sputter depositing films in the presence of a bias magnetic field or by 
annealing them with a bias magnetic field. The overall device stack comprises of IrMn 
/CoFe /Ru /CoFeGe (30 Å) /CoFe (5 Å) /Cu (40Å) /CoFe (5 Å) / CoFeGe (20 Å). In 
the device, IrMn acts as the pinning antiferromagnet, the first CoFe layer, which is 
pinned to the antiferromagnet, is then anti-parallel coupled due to the thin Ru spacer to 
the CoFeGe/CoFe layer. CoFeGe (30Å)/CoFe (5Å) is the reference layer of fixed 
magnet. CoFe (5Å)/CoFeGe (20Å) is the free layer magnet which is separated from 
reference layer using a 40 Å thick Cu spacer. The thickness dimension of the SAF 
layers, the materials used in the seed and capping layers and the fabrication process 
flow are proprietary information will not be disclosed.  The spin valve tested as our 
reference oscillator is a circular device with 50 nm radius. We used circular devices as 
these are ideal for measuring oscillation without an external bias magnetic field, 
making them attractive to implement them in complex standalone circuits. 
To implement current based magneto-acoustic oscillator, we first characterize the 
standalone device performance. The device response to DC magnetic field was 
measured to calculate its magnetoresistance	ܯܴ. AC characterization of the device 
was done by driving it at fixed bias current to observe spin torque generated 
oscillations. Magnetic field bias dependence of spin valve oscillation frequency was 
measured by driving the spin valve oscillation at a fixed bias current and sweeping the 
bias magnetic field. Similarly, DC current bias dependent frequency tuning of the spin 
valve oscillation frequency was measured at a fixed bias magnetic field. To understand 
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injection locking of spin valve devices, we measured the device AC response when 
it’s driven by an external AC signal of varying powers at its oscillation frequency. 
From these measurements, we were able to extract the locking range of the device as a 
function of locking signal power and were able to calculate the threshold power 
needed to see locking.  
4.2.1 DC Measurements of CoFeGe/CoFe spin valves 
4.2.1.1 Resistance versus magnetic field 
We measured the resistance of the spin valve device using a lock-in amplifier in a 
voltage divider configuration as the externally applied bias magnetic field HApplied was 
swept from -2000 Oe to 2000 Oe and back (Figure 4.3(a)). The direction of HApplied is 
parallel to the direction of the magnetization of pinned reference layer. At 0 Oe HApplied, 
we measured the device impedance to be 28.58 Ω (Figure 4.3(b)). When the bias field 
is increased, the device impedance reduces smoothly as the magnetizations of the 
reference layer and the free layer are aligned. As the HApplied is swept back, resistance 
measurements don’t show any hysteresis. The device doesn’t have any in-plane shape 
anisotropy field due to the circular shape; hence, we don’t observe abrupt switching 
from the antiparallel state to parallel state. At 2000 Oe and -2000 Oe HApplied the 
device resistance is about the equal to about 26.98 Ω.  We consider this the resistance 
of the parallel state. The ∆ܴ for the device was calculated using Equation (4.3) to be 
1.6 Ω and device magnetoresistance ܯܴ  was calculated using Equation (4.4) to be 
5.93%. This is in the range of ܯܴ  measured on devices with elliptical geometry, 
fabricated on the same wafer, where magnetic field switching was observed. The 















Figure 4.3: Resistance versus magnetic field measurements. (a) Measurement setup 
uses lock-in amplifier in a voltage divider configuration, with a reference 1 kΩ 
resistor, to measure the spin valve resistance as the magnetic field applied parallel to 
the direction of the polarizer is swept.  (b) The plot of device resistance versus 
magnetic field showing an MR of 5.93% with a ΔR of 1.6 Ω. 
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4.2.1.2 Resistance versus DC bias current 
Spin valve device resistance was measured using a lock-in amplifier in a voltage 
divider configuration as the bias DC current IBias, applied using a Keithley 2400 
sourcemeter was swept from -1.5 mA to 1.5 mA and back (Figure 4.4(a)). The 
measurement was performed without applying any bias magnetic field.  At 0 mA of 
IBias, we measured the device impedance to be 28.41 Ω (Figure 4.3(b)). When the bias 
current is increased, we observed the device impedance reduce smoothly as the spin 
torque from the spin-polarized electrons aligns the magnetizations of the free layer to 
the reference layer. With the positive current sweep, we measured the device 
resistance of 27.78 Ω at 1.5 mA of bias current. On the negative side, we observed a 
rapid change in resistance from 28.41 Ω to 27.23 Ω as the current is swept from 0 mA 
to -0.4 mA. Further decreasing the current we observe the device impedance increases 
to 27.65 Ω and remains constant till IBias of -1.5 mA. The overall change in resistance 
of the device, including the offshoot in the current sweep around -0.3 mA, is 1.16 Ω. 
Because the device is circular, it does not show any hysteresis usually observed for 
devices with shape anisotropy and the resistance value at a given bias current remains 
constant. The rapid change in the resistance measured only for negative IBias, though 
interesting, was not investigated further because the interest of this work has been to 
study the oscillation dynamics of the spin valves. This measurement shows that spin 
transfer torque can change the resistance of the device. This is a necessary 
measurement to ensure that the spin valve device will show magnetization dynamics 
resulting in oscillations when biased at an appropriate bias current and magnetic field. 
The change in resistance also tells us that as the amplitude of spin torque changes, the 
oscillation mode shape and hence the frequency of oscillation will change with the 





Figure 4.4: Resistance versus DC bias current measurements. (a) Measurement setup 
uses lock-in amplifier in a voltage divider configuration, with a reference 1 kΩ 
resistor, to measure the spin valve resistance as a DC bias current is applied using a 
Keithley 2400 sourcemeter is swept from -1.5 mA to 1.5 mA and back.  (b) The plot 
of device resistance versus DC bias showing a total ΔR of 1.16 Ω. 
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4.2.2 High-frequency measurements of CoFeGe/CoFe spin valves 
Spin valve devices were biased with a nominal magnetic field HApplied of 25 Oe in a 
direction parallel to the polarizer/fixed layer magnetization. Using a bias tee and 
Keithley 2400 sourcemeter an IBias was applied to the device. The output of the 
capacitor (RF) end of the bias tee was connected to the spectrum analyzer (Figure 
4.5(a)). The spectrum analyzer is set for a 1 MHz resolution bandwidth and 6 kHz 
video bandwidth, selected to keep the noise floor as low as possible. All our 
measurements were carried out with using 30 data averages to ensure low noise. IBias 
was slowly increased to measure oscillation of the spin valves (Figure 4.5(a)). We 
measured oscillation with the fundamental mode at 3.6 GHz with a peak power of -
94.5 dBm for an IBias of 330 μA (Figure 4.5(b)). The total power of the fundamental 
mode is measured 32.5 pW. The linewidth of the fundamental mode is 36.6 MHz, so 
the ∆ ௢݂/ ௢݂ ratio of the oscillation mode is 98.36. The second harmonic at 7.2 GHz has 
a linewidth of 120 MHz, and total power is 36 pW. 
By changing the bias current, we can change the amplitude of spin torque acting 
on the free layer magnetization. This modifies the mode shape of the magnetization 
precession and changes the output power and frequency of the spin valve. We 
observed the oscillation frequency of the spin valve decreases with the increased bias 
current (Figure 4.6(a)). As the fundamental mode frequency changes, the second 
harmonic frequency also changes with it. The change in the oscillation frequency for a 
160 μA change in IBias from 260 μA to 420 μA was 230 MHz (Figure 4.6(b)). This 
tuning range of 6.3% for just 160 μA change in current is impressive compared to 
traditional MEMS oscillators, where frequency tuning is usually in the ppm range. 
Driving the spin valves at constant IBias of 430 μA, as the bias magnetic field HApplied 
was changed from 0 Oe to 80 Oe, we observed the frequency of oscillations reduce 




Figure 4.5: High-frequency measurements of spin valve devices. (a) Measurement 
setup uses bias tee to apply DC bias current to spin valve devices, at a given bias 
magnetic field, the RF output of the devices is measured on the spectrum analyzer. (b) 

























Figure 4.6: Tuning of spin valve oscillation frequency with DC bias current. (a) The 
plot shows the tuning of the fundamental frequency and the second harmonic with the 
bias current. (b) The plot shows frequency tuning of the fundamental mode, a 160 μA 















Figure 4.7: Tuning of spin valve oscillation frequency with applied bias magnetic field 
for IBias of 430 μA. The frequency of oscillation reduces from 3.485 GHz to 3.41 GHz. 
Frequency reduction with increasing bias field implies that the bias field counters the 
demagnetization field of the spin valve thereby reducing the overall magnetic field 
experienced by the CoFeGe/CoFe free layer. 
4.2.3 Locking to external reference signal 
Current-based magneto-acoustic oscillator, described in Chapter 3.3.1, will inject 
amplified and high quality factor filtered spin valve oscillation output back into spin 
torque device. In an open loop configuration, this system behaves similarly to a spin 
valve device injected with an AC signal at the frequency of oscillation. Rippard et al. 
observed that injection locking works only above a certain amplitude of power is 
injected in a spin valve device [32, 63]. To understand the response of CoFeGe/CoFe 
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based spin valve oscillator to the injected AC power and to measure the threshold 
power needed for injection locking, we performed injection locking measurements on 
the spin valve devices (Figure 4.8).  
Spin valve devices were first driven by a bias DC current 890 μA at a 0 Oe applied 
bias field to get steady state oscillation at 3.125 GHz (Figure 4.9(a)). Then, using a 
circulator, AC signal from a signal generator was injected in the spin valve device and 
its power was increased from -120 dBm to see the onset of locking. We observed that 
when the AC signal power was increased up to -25 dBm the device locked to the 
injected input. The locking was observed as the device linewidth completely vanished 
from the spectrum and only the reflected signal from the signal generator was 
observed (Figure 4.9(c)). We also noted an increase in the DC voltage measured by 
the Keithley 2400 sourcemeter which was used for applying bias current. This is 
because the input AC injection power from the signal source mixes with the locked 







Figure 4.8: Experimental setup used for performing injection locking measurements 
on spin valve devices. The circulator is used to isolate the signal generator output from 
























Figure 4.9: Frequency spectrum of the spin valve biased with 890 μA of DC current 
measured at different stages of injection locking. (a) Spectrum measured without AC 
injection signal shows oscillation peak at 3.125 GHz. (b) Spectrum measured with AC 
injection signal of power -30 dBm injected at 3.125 GHz. (c) Frequency spectrum 
measured with AC injection signal of power -25 dBm. 
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Locking range of the spin valve devices was measured by applying a fixed AC 
injection power of -25 dB and then sweeping the bias current. Once the locking range 
bandwidth for given power was measured, the injected power was increased by the 
step of 1 dBm, and the measurement was repeated. At AC injection power of -20 dBm 
for a current change from 700 μA to 1.07 mA the spin valve remains locked to the 
injected oscillation frequency of 3.125 GHz (Figure 4.10). When the spectrum was 
measured for the same current range with the AC injection signal power of -120 dBm, 











Figure 4.10: Spin valve oscillation frequency measured at different injection power 

























Figure 4.11:(a) Locking range measured for a given injection voltage shows linear 
relation up to 100.5 MHz. (b) High power AC signal (-10 dBm) injected at a 
frequency out of the pulling range of the oscillators shows free running oscillator 
spectrum, indicating a practical limit to locking range of the spin valve device.  
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Extracting the injection voltage from the injection power and plotting it as the 
function of the locked bandwidth, we observed a linear dependence of the locking BW 
to the injection voltage (Figure 4.11(a)). At injection voltage of 16.7 mV 
corresponding to -20 dBm input power, we measured a locking bandwidth of 
100.5 MHz. We need a much higher amplitude of injection voltage (and power) to 
lock our spin valve devices compared to the measurements done by Rippard et al. [30]. 
This higher threshold for locking is attributed to the fact that oscillation modes of our 
spin valve devices are in-plane. In-plane modes are not as conducive to lock, to 
injected current at the fundamental oscillation frequency, as the out-of-plane modes in 
case of Rippard et al. [31]. When the signal is applied far from the oscillation 
frequency, it was observed that even at higher input signal power level of -10 dBm the 
signal is unable to pull the oscillation frequency of the spin valve. This shows that 
there are limits associated with the pulling range for injection locking the spin valve. 
These limits are dependent on the ability of the drive signal to break the symmetry of 
the oscillation mode or may be due to the absence of possible magnetization 
precession trajectory at the frequency of the applied AC input signal.        
4.3 Terfenol-D spin valves devices 
We measured spin valves with Terfenol-D magnet as the free-layer to benchmark 
their performance. Terfenol-D has shown to have a large magnetostriction coefficient 
measured to be as high as 670 ppm, which when compared to typical magnetic 
materials (0.5-60 ppm) is of interest for building hybrid magnetostrictive stress 
controlled devices [74, 77]. Terfenol-D can be ideal for implementation of the strain-
based magneto-acoustic oscillator, where the strain coupling from an HBAR to the 
Terfenol-D based free layer will be 20 times that of CoFeB free layer that we 
simulated in Chapter 3.  The Terfenol-D spin valve device stack comprised of IrMn 
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/CoFe /Ru / CoFeGe (30 Å)/CoFe (5 Å)/Cu (40 Å) /TbDyFe. In the device, IrMn acts 
as the pinning antiferromagnet. The first CoFe layer which is pinned to the 
antiferromagnet is then antiparallel coupled due to the thin Ru spacer to the 
CoFeGe/CoFe layer. CoFeGe (30Å)/CoFe (5Å) is the reference layer of fixed magnet. 
TbDyFe is the free layer magnet which is separated from reference layers using a 40 Å 
thick Cu spacer. The thickness dimension of the SAF layers, the TbDyFe free layer, 
the materials used in the seed and capping layers and the fabrication process flow are 
proprietary information so are not disclosed.  To benchmark the device performance, 
we tested a 50 nm radius circular, same as the CoFeGe/CoFe, spin valve.  
4.3.1 DC Measurements of Terfenol-D spin valves 
4.3.1.1 Resistance versus magnetic field 
Terfenol-D Spin valve device resistance was measured using a lock-in amplifier in 
a voltage divider configuration as the externally applied bias magnetic field HApplied 
was swept from -1500 Oe to 1500 Oe and back (Figure 4.12(a)). The direction of 
HApplied is parallel to the direction of magnetization of the pinned reference layer. At 
0 Oe HApplied, we measured the device impedance to be 19.18 Ω, about 10 Ω less than 
the CoFeGe/CoFe devices of the same size (Figure 4.12(b)). When the bias field is 
increased, the device impedance reduces smoothly as the magnetizations of the 
reference layer and the free layer are aligned. As the HApplied is swept back, resistance 
measurements don’t show any hysteresis. The device being circular in shape it doesn’t 
have an in-plane shape anisotropy field. As a result, we don’t observe abrupt switching 
from the antiparallel state to parallel state. At 1500 Oe HApplied the device resistance is 
about the equal to about 18.21 Ω.  We consider this the resistance of the parallel state. 
The ∆ܴ for the device was calculated using Equation (4.3) to be 0.98 Ω and device 
magnetoresistance ܯܴ was calculated using Equation (4.4) to be 5.36%. This value of 
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MR is smaller than the CoFeGe/CoFe devices but is on the higher side compared to 
typical spin valve devices. The change in resistance area product with magnetic field 



















Figure 4.12: Resistance versus magnetic field measurements. (a) Measurement setup 
uses lock-in amplifier in a voltage divider configuration, with a reference 1 kΩ 
resistor, to measure the spin valve resistance as the magnetic field applied parallel to 
the direction of the polarizer is swept.  (b) The plot of device resistance versus 
magnetic field showing an MR of 5.36% with a ΔR of 0.98 Ω. 
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4.3.1.2 Resistance versus DC bias current 
Terfenol-D spin valve device resistance was measured using a lock-in amplifier in 
a voltage divider configuration, as the bias DC current IBias applied using a Keithley 
2400 sourcemeter was swept from -1.5 mA to 1.5 mA and back (Figure 4.13(a)). The 
measurement was performed without applying any bias magnetic field.  At 0 mA of 
IBias, we measured the device impedance to be 19.13 Ω (Figure 4.13(b)). When the 
bias current is increased, we observed the device impedance reduce smoothly as the 
spin torque from the polarized electrons aligns the magnetization of the free layer to 
the reference layer. With the negative current sweep, we measured the device 
resistance of 18.72 Ω at 1.5 mA of bias current. On the positive side, we observed a 
rapid change in resistance from 19.13 Ω to 18.38 Ω as the current is swept from 0 mA 
to 1 mA. As the current is further increased the device impedance increases to 18.45 Ω 
and remains constant till IBias of -1.5 mA. The overall change in resistance of the 
device, including the offshoot in the current sweep around 1 mA, is 0.75 Ω. This 
impedance change, though smaller than the CoFeGe/CoFe devices, is comparable to 
their change of 1.16 Ω. The rapid change is the resistance change observed only for 
the positive IBias was similar to one observed in CoFeGe/CoFe devices. This 
measurement confirms that spin transfer torque can change the resistance of the 
Terfenol-D spin valve. It is a necessary measurement to ensure that the spin valve 
device will show magnetization dynamics resulting in oscillations when biased at an 
appropriate bias current and magnetic field. The change in resistance also tells us that 
as the amplitude of spin torque changes, the oscillation mode shape and hence the 




Figure 4.13: Resistance versus DC bias current measurements. (a) Measurement setup 
uses lock-in amplifier in a voltage divider configuration, with a reference 1 k Ω 
resistor, to measure the spin valve resistance as a DC bias magnetic field is applied 
using a Keithley 2400 sourcemeter is swept from -1.5 mA to 1.5 mA and back.  (b) 
The plot of device resistance versus DC bias showing a total ΔR of 0.75 Ω. 
 95 
 
4.3.2 High-frequency measurements of Terfenol-D spin valves 
We biased Terfenol-D spin valve devices with a nominal magnetic field, HApplied, 
of 0 Oe in a direction parallel to the polarizer/fixed layer magnetization. Using a bias 
tee and Keithley 2400 sourcemeter an IBias was applied to the device. The output of the 
capacitor (RF) end of the bias tee was connected to the spectrum analyzer (Figure 
4.14(a)). The Spectrum analyzer is set for a 1 MHz resolution bandwidth and 6 kHz 
video bandwidth, selected to keep the noise floor as low as possible. All our 
measurements were carried out with using 30 data averages to ensure low noise. IBias 
was slowly increased to measure oscillation of the spin valves (Figure 4.14(a)). We 
measured oscillation with the fundamental mode at 3.9 GHz with a peak power of -
88.5 dBm for an IBias of 500 μA (Figure 4.14(b)). The total power of the fundamental 
mode is measured to be 176.5 pW. The linewidth of the fundamental mode is 
51.5 MHz, so the ∆ ௢݂/ ௢݂ ratio of the oscillation mode is 75.73. The second harmonic 
at 7.8 GHz has a linewidth of 125 MHz, and total power is 93 pW. 
We observed the oscillation frequency of the spin valve decreases with the 
increased bias current (Figure 4.15(a)). This implies that the mode of oscillation is in-
plane. The change in the oscillation frequency for a 300 μA change in IBias from 
400 μA to 500 μA was 375 MHz. This tuning range of 9.8% with 1.25 MHz/μA rate is 
comparable to 1.4375 MHz/μA rate observed for CoFeGe/CoFe spin valves. Driving 
the spin valves at constant IBias of 450 μA as the bias magnetic field HApplied was 
changed from -50 Oe to 250 Oe, we observed the frequency of oscillations reduce 
from 4.05 GHz to 3.25 GHz (Figure 4.15(b)).  The frequency tunes with HApplied at a 
rate of 2.66 MHz/Oe compared to 0.9375 MHz/Oe observed for the CoFeGe/CoFe 
devices. The oscillation frequency decreasing the increasing external magnetic field 
implies that the HApplied counters the demagnetization field and reduces the overall 
magnetic field Terfenol-D free layer experiences. 
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Figure 4.14: High-frequency measurements of Terfenol-D spin valve devices. (a) 
Measurement setup uses bias tee to apply DC bias current to spin valve devices, at a 
given bias magnetic field, the RF output of the devices is measured on the spectrum 
analyzer. (b) RF output of a spin valve device measured at IBias of 500 μA without any 

























Figure 4.15: Tuning of spin valve oscillation frequency. (a) The plot shows the tuning 
of the fundamental frequency and the second harmonic with the bias current. (b) The 
plot shows frequency tuning of the fundamental mode and second harmonic with 
applied bias magnetic field for a device with a bias current of 450 μA. 
 98 
 
4.3.3 Comparison to CoFeGe/CoFe spin valve devices 
Terfenol-D spin valves measured here, performed remarkably similar to the 
CoFeGe/CoFe spin valves in DC characterization. They had comparable 
magnetoresistance to each other and the ΔR of both the devices was also similar. The 
biggest difference, we observed from the DC measurements was in the resistance of 
the device. This difference can either be attributed to the thicker CoFeGe/CoFe free 
layer or due to lower conductivity of CoFeGe layers used in the free layer. 
In AC characterization, the overall behavior of the Terfenol-D spin valves was 
similar to that of CoFeGe/CoFe devices. The Terfenol-D device was two times more 
tunable with the magnetic field than the CoFeGe/CoFe spin valves, though their rate 
of tuning for bias current was comparable. This may because the demagnetization field 
for Terfenol-D devices was smaller than the CoFeGe/CoFe devices and hence, their 
dependence on the external field is higher.   
We believe the damping of both Terfenol-D and CoFeGe/CoFe layers are also 
comparable or at least are in order of magnitude of each other due to the similarity of 
their magnetization dynamics. This observation is in contrast to some of the high 
values of Gilbert damping reported in the literature for similar films [78]. Since we are 
not aware of the exact doping of the alloy contents or the deposition method we are 
unable to make a direct comparison. Some of the similarities in measurements even 
with higher damping for Terfenol-D can be explained away due to smaller saturation 
magnetization (Ms) of 600 emu/cm3 compared to 800-1200 emu/cm3 for 
CoFeGe/CoFe devices, which depends on the doping percentage of germanium. 
Further investigation is required to comment with certainty about the damping of the 
Terfenol-D layer in the spin valves compared to CoFeGe/CoFe even though 




4.4 Current based magneto-acoustic oscillator using spin valves 
4.4.1 Open loop current based magneto-acoustic oscillator 
Laterally coupled HBAR devices described in Chapter 2.3.2 are ideal to be used as 
multi-frequency high quality factor filters which are operational over a frequency 
range of 1.5-7 GHz. We aim to use these filters in a feedback configuration with the 
CoFeGe/CoFe spin valve to build a current-based magneto-acoustic oscillator. The 
oscillation output from the spin valve will be first amplified and then filtered by the 
HBAR resonator. Due to the narrow passband of the HBAR filter, most of the spin 
valve linewidth is rejected, and only the signal in the pass band is allowed to pass 
unfiltered, thereby generating a narrow linewidth signal of much higher ∆ ௢݂/ ௢݂ ratio 
than STO oscillation linewidth. This signal when amplified and used to injection lock 
the spin valve, like an external AC drive, described earlier in Chapter 4.2.3, will 
reduce the linewidth of the STO to that of the injection locking signal. The linewidth 
of the spin valve which we measured to be around 36 MHz at 3.6 GHz will then 
reduce the bandwidth of the passband of the HBAR resonance at that frequency, thus 
enhancing the overall ∆ ௢݂/ ௢݂ ratio of the spin valve oscillator. 
Towards the goal of building the above described closed-loop feedback system, we 
perform open loop measurements of the current-based magneto-acoustic oscillator. 
Where the oscillation signal from bias current driven spin valve device is first 
amplified and then filtered by a laterally coupled HBAR is measured on a spectrum 
analyzer (Figure 4.16(a)). The initial amplification of the signal is necessary as 
HBARs have a transmission loss of -25 dB, which without amplification would cause 
the oscillation signal to drop below the noise floor of the spectrum analyzer. The 
output from the standalone spin valve driven by IBias was directly measured, without 








Figure 4.16: (a) Experimental setup for open loop measurements. Oscillation signal 
from the spin valve is amplified and the filtered by HBAR and measured on the 
spectrum analyzer. (b) Oscillation of a 50 nm radius CoFeGe/CoFe spin valve device 




4.4.2 Results for open loop current based magneto-acoustic oscillator 
The standalone CoFeGe/CoFe spin valve device oscillates at 4.14 GHz for an IBias 
of 370 μA with HApplied of 0 Oe (Figure 4.16(b)). The oscillation measured had a 
linewidth of 35.4 MHz for a ∆ ௢݂/ ௢݂ ratio of 116.9. For this measurement, the device 
was measured directly without any amplification by connecting the RF end of the bias 
tee directly to the spectrum analyzer. The peak output power of the device was 
measured to -102 dBm about 4 dB above the noise floor of our measurement. The total 
power of this mode was calculated to be 4.5 pW. The device was then connected to the 
HBAR filter via a 30 dB broadband amplifier for doing open loop measurements. The 
transmission response of the HBAR was measured for the bandwidth of interest using 
a network analyzer (Figure 4.17(a)).  
The output of the HBAR measured was plotted on top of the previously measured 
oscillation spectrum of the spin valve (Figure 4.17(b)). We observed a sharp signal 
peak in the center of the spectrum that corresponds to the oscillation peak of the spin 
valve device. The oscillation frequency was selected to ensure that the HBAR filter 
transmission peak coincides with the oscillation peak to get the best response from the 
filtering system. This frequency centering was easy to achieve as the HBAR has 
resonances spaced by Δf of 9.1 MHz. The linewidth of the filtered spin valve was 
measured to be 175 kHz, which corresponds to a ∆ ௢݂/ ௢݂ ratio of 23,657. This is the 
highest reported ∆ ௢݂/ ௢݂	 ratio for an open loop spin valve in an in-plane mode of 
oscillation [37]. The measured linewidth depends on the quality factor of HBAR at the 
frequency of STO oscillation. A closed loop system with the HBAR in feedback will 
further reduce the linewidth to get a record breaking ∆ ௢݂/ ௢݂ ratio. The peak output 
power of the device was observed to be -98 dBm this increase in power by 4 dB from 
the unfiltered spin valve device is due to the 30 dB gain of the amplifier followed by a 
transmission loss of -26 dB from the HBAR.  We also observe sideband like peaks 
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around the large central peak of the oscillator output. These arise from the nearest 





















Figure 4.17: (a) Plot shows transmission spectrum of the laterally coupled HBAR used 
for filtering the spin valve oscillations. (b) The plot shows the frequency spectrum of 
the spin valve oscillator measured after HBAR filtering shown in red and the 
frequency spectrum of the oscillator without HBAR filtering for comparison.  
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9.1 MHz and hence lie in the large linewidth (36.6 MHz) of the spin valve device. For 
a smaller linewidth STO, less than 9.1 MHz, the output of the HBAR would only 
show the large single oscillation peak. This problem can also be fixed by using a 
thinner substrate for laterally coupled HBAR filter. For a substrate of thickness 
300 μm the spacing between two HBAR resonances will be 20 MHz allowing for 
effective operation with an STO having linewidth less than 20 MHz.  
4.4.2.1 Tuning of the open loop current based magneto-acoustic oscillator 
IBias or the HApplied can be used to tune the oscillation frequency of the spin valve. 
As the oscillation frequency of the spin valve changes, the oscillation mode traverses 
across the multi-frequency filter comb of HBAR resonances (Figure 4.18). The 










                            
 
Figure 4.18: HBAR transmission spectrum for the frequency range of 3.7 GHz to 






















Figure 4.19: Frequency tuning of spin valve oscillator in the presence of in line HBAR 
filter. (a) The frequency spectrum of a spin valve oscillator shows oscillations 
frequency decrease as IBias is swept from 230 μA to 350 μA. (b) The frequency 
spectrum of the spin valve oscillator after the HBAR filters it shows about 195 times 
reduction in linewidth of central oscillations frequency as the frequency of the spin 
valve is tuned with IBias.  
 105 
 
is when the oscillation peak corresponds to HBAR resonance frequency. By changing 
the IBias from 230 μA to 350 μA, the oscillation frequency of the spin valve was tuned 
from 4.036 GHz to 3.92 GHz (Figure 4.19(a)). The output of the spin valve device 
showed a reduction in linewidth from 35.2 MHz to 180 kHz for IBias of 230 μA. This 
corresponds to a 195x improvement in the ∆ ௢݂/ ௢݂  ratio (Figure 4.19(b)).  Similar 
improvement was measured for the lower frequency oscillation, measured for IBias of 
350 μA, whose linewidth of 24.5 MHz is reduced to 178 kHz. Thus, the frequency 
tuning capability of the spin valve is unhindered by the HBAR filter. We have 
measured similar filtering and ∆ ௢݂/ ௢݂ ratio enhancement of the spin valve oscillator 
across the frequency spectrum of HBAR from 2.5 GHz all the way up to 6 GHz. 
 
Figure 4.20: Experimental setup used for measuring the closed loop response of 
current based magneto-acoustic oscillator. 
4.4.3  Closed loop current based magneto-acoustic oscillator 
Locking experiments on the spin valve showed that the threshold power for current 
locking of the spin valves for its fundamental mode of operation was around -25 dBm. 
With the HBAR device having -25 dB transmission loss, the overall gain needed for a 
spin valve device of an output power of -90 dBm for injection locking itself is around 
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90 dB. We used four broadband amplifiers in a signal chain with gains of 20 dB, 
25 dB, 27 dB and 25 dB each to get a net gain of 97 dB to amplify the spin valve 
output. The signal from the amplifiers was then filtered by HBAR for reducing the 
linewidth of the spin valve oscillator. The arrangement of the amplifiers was chosen to 
be in the increasing order of the noise figure to ensure that closed loop system will 
have the best optimal noise performance. The output of the first amplifier is split using 
a broadband power divider and is connected to the spectrum analyzer to measure the 
closed loop response. This reduces the loop gain by 6 dB, but the amplifier chain, has 
enough gain to amplify injected power to -24 dBm. The output of the HBAR is then 
connected back to the spin valve via a circulator (Figure 4.20). The arrangement of the 
signal chain, with the filter in the middle of the amplifier chain was also tried, but the 
results obtained for the system remain the same. When the loop is connected, and the 
amplifiers in the feedback path are off, the spectrum analyzer shows the amplified 
output of the spin valve output at 3.43 GHz (Figure 4.21(a)). When the amplifiers in 
the feedback path are turned on, we observe a very sharp peak on the spectrum 
analyzer having a power of -40 dBm at 3.563 GHz (Figure 4.21(b)). Changing the bias 
current drive of the spin valve device doesn’t affect the sharp signal.  Even when the 
current drive to the spin valve is turned off the signal remains unchanged. This shows 
that the measured close loop response was the oscillation signal of the HBAR, rather 
than the locked spin valve device.  
Low isolation of only -14 dB of the circulator results in the amplified HBAR 
output to feedback and thus oscillates the HBAR. HBAR has multiple resonances, so 
only for the resonant frequency at which the Barkhausen criterion is met goes into 
oscillation. We believe the limiting factor for the oscillation is phase matching rather 























Figure 4.21: Frequency spectrum of the output of closed loop current based magneto-
acoustic oscillator. (a) Plot shows the amplified output of the spin valve oscillator, 
measured at IBias of 430 μA, when the feedback amplifiers are turned off. (b) Plot 
shows the HBAR oscillator output that locks the spin valve device when the feedback 
amplifiers are turned on.  
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45 dB, which includes the -25 dB transmission loss of the HBAR device, the -14 dB 
isolation of the circulator, and the -6 dB loss from the power divider. Repeating the 
closed measurements with a lower number of amplifiers such that the loop gain is less 
than 45 dB, the closed loop output shows a free running spin valve oscillator response. 
This is because the output power of -60 dB is not enough to injection lock the spin 
valve oscillator. To get closed loop current locking of the spin valve devices, we 
calculate the isolation needed in the circulator is 66 dB so that the spin valve device 
can be injection locked by the filtered HBAR response. Such circulators, with a 
wideband operation, aren’t commercially available. Lack of which limits the 
realization of the closed loop current-based magneto-acoustic oscillator. The 
constraints on the isolation performance of the circulator are exacerbated by the low 
output power of the spin valve devices. For a higher output power device, with signal 
output in 10-100 nW power level, would require 40 dB to 50 dB lesser gain for 
injection locking. This reduces the needed circulator isolation to a range of 20 dB to 
30 dB. Such circulators with moderate isolation range are commercially available. 
 
Figure 4.22: Effective experimental setup of closed loop magneto-acoustic oscillator 
shows an HBAR oscillator injection locking a spin valve oscillator when the feedback 
























Figure 4.23: Frequency spectrum of the spin valve while being injection locked by the 
HBAR oscillator. (a) The plot shows the HBAR oscillator output at 3.74 GHz is 
unable to injection lock the 3.43 GHz spin valve oscillation measured at IBias of 




4.4.3.1 HBAR oscillator induced injection locking of CoFeGe/CoFe devices 
The closed loop measurements of the current based magneto-acoustic oscillator 
because of the poor isolation of circulator and due to the low output power of the 
available spin valve devices result in oscillation of the HBAR resonator. The 
oscillation frequency of the HBAR, due to its multiple resonances, is set randomly by 
the combination of amplifiers used in the feedback system. By picking and choosing a 
different set of amplifiers, we get to set the oscillation frequency coarsely. Since the 
output of the HBAR is connected to the input of the spin valve in the closed loop 
configuration the HBAR oscillator output is injected into the spin valve device (Figure 
4.20). Thus the closed-loop current-based magneto-acoustic oscillator system can be 
envisioned as an HBAR oscillator injection locking a spin valve device (Figure 4.22).  
In the HBAR injection locking of the spin valve device, we observe that when the 
HBAR oscillation output frequency is far from the spin valve oscillation frequency, 
both the spin valve oscillation and the HBAR oscillation can be measured 
simultaneously (Figure 4.23(a)). This is similar to the result observed for injection 
locking, when the AC signal from the signal generator is injected out of the pulling 
range of the spin valve device (Figure 4.11(b)). By changing the combination of 
amplifiers available to us, we change the oscillation frequency of the HBAR to bring it 
closer to the spin valve oscillation frequency. We then observe that the spin valve 
oscillation vanishes from the spectrum as the spin valve gets locked to the HBAR 
oscillation (Figure 4.23(b)). Repeating similar measurements for a different spin valve 
device having an oscillation frequency of 5.05 GHz (Figure 4.24), we were able to 
verify that the closed-loop current-based magneto-acoustic oscillator behaves as 
HBAR oscillator injection locking a spin valve device. Such a system will benefit 
from the extremely narrow linewidth of the HBAR oscillator, but due to lack of direct 
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Figure 4.24: Frequency spectrum of the spin valve while being injection locked by the 
HBAR oscillator. (a) The plot shows the HBAR oscillator output at 3.58 GHz is 
unable to injection lock the 5.05 GHz spin valve oscillation measured at IBias of 
400 μA. (b) The plot shows the new HBAR oscillation at 5.34 GHz injection locks the 
spin valve oscillator. 
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4.5 Conclusion and future directions 
In this chapter, we introduced spin valve devices and described how the spin-
dependent scattering of the s band electrons results in magnetoresistance. The 
resistance of the spin valves is low when majority electrons dominate the current flow 
because of the magnetizations being parallel to each other. The resistance of the 
device is high when the scattering at the interface is high because of the antiparallel 
orientation of magnetizations. Resistance versus magnetic field measurements showed 
a high ܯܴ of 5.93% for CoFeGe/CoFe spin valves. Resistance versus bias current 
measurements showed that the resistance, and thus the direction of magnetization of 
the free layer of the spin valve devices, could be controlled by applying spin transfer 
torque. AC measurements on spin valves measured in-plane oscillation mode had 
∆ ௢݂/ ௢݂  ratio of 98.63 at 3.6 GHz with a total power of 32 pW. The oscillation 
frequency of the spin valve was then tuned with both a bias current and an applied 
magnetic field to study the tunability of the device. Injection locking measurements 
showed a threshold power of -25 dBm is needed for implementing current-based 
magneto-acoustic oscillator. 
Spin valves devices with TbDyFe (Terfenol-D) as a free layer were measured and 
characterized. DC measurements on these spin valves revealed that they have 
comparable MR of 5.36%. AC measurements on Terfenol-D spin valves showed 
magnetization dynamics that are similar to that of spin valve device with an increased 
susceptibility to magnetic field tuning. We were not able to comment about the 
damping of the Terfenol-D devices with high certainty without further measurements. 
We do make an observation that due to the comparable spin dynamics of Terfenol-D 
and CoFeGe/CoFe spin valve devices the damping for Terfenol-D devices should be 
within an order of magnitude of the CoFeGe/CoFe devices.  
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We measured open loop current-based magneto-acoustic oscillator, where the 
output from the spin valve is amplified and then filtered by the high quality factor 
laterally coupled HBAR devices. This system has shown to significantly enhance the 
linewidth of the spin valve oscillators with ∆ ௢݂/ ௢݂ ratio as high as 23,657 measured 
for in-plane oscillation mode at 4.14 GHz. This enhancement in linewidth is due to the 
narrow bandwidth of the HBAR filtering the spin valve oscillator. The small spacing 
of 9.1 MHz of the HBAR results in sideband like peaks when the linewidth of the 
oscillator is bigger than 9.1 MHz. Laterally coupled HBAR on thinner substrates are 
necessary for more efficient filtering of the CoFeGe/CoFe spin valves. The open loop 
system has a large bandwidth of operation over the entire HBAR spectrum of 2 GHz 
to 6 GHz and thus, is an easy way of getting narrow linewidth tunable oscillator. 
Lastly, we implemented a self-locking closed loop current based magneto-acoustic 
oscillator.  Due to the low output power of the free running spin valve oscillators, it 
was necessary to amplify the signal by at least 90 dB to get current-based injection 
locking. But due to the low isolation of the circulator and high loop gain the laterally 
coupled HBAR is driven into oscillations instead. Attempts at closing the loop with 
less gain, to avoid HBAR oscillation, were unable to injection lock the spin valve 
oscillator. We deduced that the solution to this problem could be solved in two ways. 
The first way is to use an extremely high isolation circulator with approximately 
60 dB isolation for implementing the injection locking of low power spin valve 
oscillator. The second way is to use spin valve devices with 4 orders of magnitude 
higher output power, which will need a moderate isolation of -20 to -30 dB from the 
circulator. Using the HBAR oscillator, we were able to injection lock the spin valve 
oscillator at multiple frequencies to get extremely narrow linewidth output. But since 
there is no control over the oscillation frequency of the HBAR, this method of 
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improving the spin valve oscillator linewidth is of little application. The spectrum of 
the HBAR oscillator and its measured phase noise are shown in Chapter 7.2. 
In the future, we would like to increase the spacing between the adjacent 
resonances of the HBAR filter by fabricating devices on a thinner substrate. 
Transmission loss of laterally coupled HBARs could be further improved by reducing 
the gap between the electrodes. Both these steps will make the open loop current based 
magneto-acoustic oscillator an extremely efficient, easily implementable, and a full 
octave tunable narrow linewidth oscillator. We also would like to implement a closed 
loop current-based magneto-acoustic oscillator, using a higher output power STO that 
could potentially be injection locked at lower injection voltage and hence could be 





CHAPTER 5  
SPIN HALL EFFECT – MTJ FOR SWITCHES AND MAGNETO-ACOUSTIC 
OSCILLATORS 
5.1 Introduction 
In a magnetic tunnel junction (MTJ), we have two ferromagnetic layers separated 
by tunneling barrier. As we discussed in Chapter 4.1, the current in the ferromagnetic 
material consists of both majority and minority electrons. Electrons with magnetic 
moments parallel to the magnetization direction are called the majority electron, while 
electrons with magnetic moments antiparallel to magnetization are called minority 
electrons. In a tunneling process, where an electron spin is conserved, the tunneling 
resistance depends on whether the magnetizations of the two ferromagnets are parallel 







       
Figure 5.1: Schematic of TMR effect in MTJ shows that the spin of the electrons is 
preserved during tunneling which leads to two different tunneling situations. (a) 
Parallel state, where majority and minority carriers tunnel into their sub-bands in the 
two ferromagnets and (b) antiparallel state, where the majority and minority carriers 
sub-bands are opposite in the two ferromagnets. Adopted from [79].   
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Tunneling conductance depends on magnetization due to the difference in the 
density of states at the Fermi level of the majority and minority electrons. Because the 
tunneling process preserves spin, the majority, and the minority electrons can only 
tunnel into their individual sub-bands [79]. If the magnetizations of the ferromagnets 
across the tunneling barrier are aligned, the numbers of available states for tunneling 
majority and minority electrons are large as they tunnel into their individual sub-bands. 
On the other hand, if the magnetizations of the two ferromagnets are antiparallel, then 
the majority electrons for the first ferromagnet will have to tunnel into the minority 
sub-band of the second ferromagnet and vice versa (Figure 5.1). As there is a 
difference in the number of states available for the majority and minority electrons, 
this creates a difference in resistance for the P and AP state of the magnetizations of 
the two ferromagnets. Tunneling dependent magnetoresistance (TMR), defined as the 
ratio of the resistance change, is given by the equation:   
ܶܯܴ	 = ܴ஺௉ − ܴ௉ܴ௉  (5.1) 
where ܴ஺௉ is the resistance of the AP state, while ܴ௉ is the resistance of the P state of 
the magnetization. Julliere et al .[80] extended this definition to: 
ܶܯܴ = 2 ଵܲ ଶܲ1 − ଵܲ ଶܲ (5.2) 
where ଵܲand ଶܲ are the polarization factors for the two ferromagnets respectively, are 
dependent on the density of states of the majority and minority electrons in the two 
ferromagnets. Butler et al. [81] predicted extremely high TMR ratios for Fe/MgO/Fe 
MTJs, where they suggested crystalline MgO with (001) orientation will enhance the 
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lattice matching with the (001) plane of the BCC Fe. This will improve the TMR 
because of the spin dependent matching of the evanescent states within the tunnel 
barrier and the electronic states of the Fe electrodes. By using this approach and by 
crystallizing MgO via post-process annealing TMR as high as 350% have been 
achieved [82]. High TMR of MTJs is important as it makes MTJs better matched to 
silicon-based electronics and thus enables better control of MTJ when used as a 
memory cell. In the context of oscillators, high TMR is desirable for a low resistance 
area product device to generate oscillations of a higher power. In Chapter 3.2.1, we 
discussed how spin currents in an MTJ applies a torque to the free layer ferromagnet 
to switch the magnet or to overcome damping in the magnet, thereby getting steady 
state precession based oscillations. Traditionally, the spin current is generated by 
passing a charge current through a ferromagnet in the MTJ stack called polarizer, 
which aligns the electron spin along the direction of its magnetization due to spin 
transfer torque. However, this method is inefficient and recently a new method that 
relies on spin Hall effect has been proposed for generating spin currents [83].  
The spin Hall effect (SHE) was first predicted by Dyakonov and Perel [84, 85], 
where they predicted a charge current flow in the presence of spin-orbit coupling 
would generate a spin current in the direction orthogonal to charge current flow. A 
spin current is a flow of electrons with one orientation of spin in one direction and 
electrons with opposite orientation of spin in the opposite direction. Hirsch introduced 
the “spin Hall effect” term calling it similar to Hall effect [86], where charges are 
accumulated on the surface edge in a direction orthogonal to charge current flow in the 
presence of external magnetic field because of the Lorentz force. However, there is no 
requirement of a magnetic field to generate spin current in SHE. The spin current, 
unlike the charge current, is not conserved, so the value of spin polarization at the 
boundary of materials is limited by the spin relaxation and the area over which spin is 
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accumulated is dependent on spin diffusion length [87]. The origin of spin Hall effect, 
like the anomalous Hall effect, is due to the relativistic effect of spin-orbit coupling. 
Spin-orbit coupling can be considered as the Magnus effect equivalent for electrons, 
where an electron deviates from its straight path due to the direction of its spin.  
Liu et al. successfully utilized the spin current generated by spin Hall effect in β-
Ta for spin torque switching of the CoFeB ferromagnet coupled to it [16]. The 
switching of the CoFeB magnetization was then sensed by using TMR effect, where 
the CoFeB was the free layer of the MTJ (Figure 5.2). Thus, they demonstrated a new 
generation of three-terminal MTJ, where a charge current flow through the tantalum 
channel generates spin current in a transverse direction.  The orientation of the 











Figure 5.2: Schematic of three-terminal SHE-MTJ showing the direction of applied 
current and the corresponding spin current generated by SHE.  The spin current 
generated by spin Hall effect is used to switching the magnetization of free layer 
magnet. Adopted from [16]. 
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where, ܬ௘ is the charge current density, and [ħ/(2݁)]ܬ௦ is the spin current density 
generated by the spin Hall effect, is a property of the material and its amplitude is 
dependent on the strength of spin-orbit coupling in the material. Here ħ is the reduced 
Planks constant and ݁ is a charge of the electron. The spin Hall angle of material in 
effect gives its efficiency to generate spin current for a given applied charge current. 
The measured spin Hall angle for a material is also dependent on its thickness and the 
spin diffusion length in the material. Liu et al. proposed using SHE for applying spin 
current rather than the traditional way of electron spin polarization by sending current 
through a ferromagnet will be much more efficient with scaling of the SHE channel 
and hence will result in reducing the critical current (hence power) needed for 
switching the magnetization. The three-terminal MTJs they demonstrated also 
decoupled the impedance sensing and impedance switching process, thereby 
increasing their reliability compared to two terminal devices. Such a device is called 
SHE-MTJ. 
In this chapter, we fabricate SHE-MTJs and study them in two different 
configurations. Firstly, we demonstrate SHE-MTJs as switches and memory element. 
Where we study the scaling of the SHE channel width for a fixed size of the MTJ 
pillar to observe increased efficiency of switching for a higher overlap between the 
long axis of the MTJ and the width of the SHE channel. We demonstrate a fully 
repeatable operation of SHE-MTJ as an MRAM bit cell with write pulses of duration 
as small as 100 ns. For studying the limits of switching speed for the fabricated device, 
we do switching probability measurements for write pulses of duration 250 ps to 10 ns.  
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In the second part of this chapter, we study the SHE-MTJ as an oscillator. We use 
the SHE to excite magnetization precession and read the precession output using the 
TMR of the nanopillar MTJ as voltage oscillation for an applied bias current. In doing 
this, we observe voltage control of magnetic anisotropy tuning of the oscillation 
frequency. We also use the SHE-MTJ as a traditional MTJ. Where, we excite 
magnetization precession from the spin transfer torque applied by the spin-polarized 
current from the fixed magnet of the MTJ nanopillar. We also demonstrate an open 
loop current-based magneto-acoustic oscillator in which, we use a laterally coupled 
HBAR to filter the SHE-MTJ oscillator.  
 
5.2 SHE-MTJ devices for switches and memory  
Continued scaling of electronic devices has enabled unprecedented growth of 
computing performance in the past few decades. However, as the electronic device 
gate lengths approach 20 nm dimensions [88], further scaling of complementary metal 
oxide semiconductor (CMOS) field effect transistors (FET) require the realization of 
several complex material and device changes [89].  One of the methods for enabling 
further scaling in computing performance is by integration of spintronic devices for 
on-chip memory [90]. An efficient method of switching magnetic bits is a pre-
requisite to enable such integration [91]. In this context, spin transfer torque (STT) 
switching of nanomagnets driven by CMOS transistors [92] has attracted significant 
effort. However, traditional MTJ based MRAM technology has the following 
fundamental drawbacks for compatibility with future scaled CMOS technologies:  a) 
incompatibility of the high operating voltages and currents required for MTJ tunnel 
currents with scaled CMOS, b) large access transistor size required to meet the drive 
current requirement limits circuit density, and c) reliability issues created by the high 
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voltage (>0.8 V) and high current (>100 µA) damaging MTJ oxide. Hence it is of 
great interest to pursue MTJ switching methods alternative to STT, which would 
provide high spin polarization at low voltage and low current operation. 
The spin Hall effect [16, 93, 94] in which large spin-polarized currents are 
generated transverse to the charge current direction in high spin-orbit coupling metals, 
may provide a solution to the voltage, current scaling and reliability problems of 
magnetic embedded memory. In particular, scaled SHE-MTJs can have a) better drive 
in scaled CMOS; b) fast switching time approaching 500 ps; c) decoupled read and 
write paths; d) improved trade-off of non-volatility vs. write time [95].  
5.2.1 Fabrication process flow for SHE-MTJ 
We fabricated a three-terminal MTJ device, under the guidance of Dr. Sriharsha 
Aradhya, which forms the basic cell for the MRAM. It has a spin-orbit torque induced 
write mechanism and TMR based read-out (Figure 5.3). The device material stack 
comprising of Ta (6 nm)/CoFeB (1.6 nm)/MgO (1.6 nm)/CoFeB (4 nm)/Ta (3 nm)/Ru 
(3 nm) is deposited using a 7 gun DC+RF magnetron sputtering tool at high vacuum 
of 10-8 Torr on a high resistivity silicon substrate having 400 nm of silicon oxide 
(Figure 5.3(a)). The CoFeB alloy used in the metal stack as the fixed and the free 
magnet has the composition Co20Fe60B20. Silicon dioxide helps ensure the devices are 
electrically insulated from one another. The Ruthenium cap is used in the metal stack 
to protect the β-Ta layer from getting shorted during the fabrication process.  
Device metal stack is then patterned using DUV lithography followed by ion 
milling to define the dimensions of the spin Hall effect channel (Figure 5.3(b)). The 
ion milling process used in the fabrication comprises of two steps. The first step is to 





Figure 5.3: Fabrication process flow for SHE-MTJ with process steps: (a) sputter 
deposition, (b) isolate channel, (c) define pillar, (d) open leads and (e) deposit leads. 
(f) Image of the final device shows channel via to Ti/Pt top electrode. 
remove the back sputtered material by doing a side wall clean at a low angle of 
incidence. During the ion milling, care is taken to ensure that the ion mill beam 
doesn’t overheat the resist mask. After milling the devices, the resist mask is stripped 
using heated PG remover. It is a critical to ensure that no resist is left on the patterned 
channels as the MTJ pillars are fashioned out of the isolated channels of material 
stack. Resist remaining on the channel hinders the side wall cleaning step during the 
nanopillar fabrication and may result in shorting of MTJs.  
E-beam lithography is used for patterning nanometer scale MTJs on the isolated 
channels. Step over step alignment is critical during this process step as the size of the 
isolated channels is comparable to the MTJs being fabricated out of them. The e-beam 
resist used for fabricating the MTJs is a tri-layer of omnicoat, PMMA, and HSQ (6%). 
Omnicoat is used as an anti-reflective coating, and the PMMA is the e-beam resist 
while HSQ is used to form a hard mask used in patterning the nanopillar by ion 
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milling (Figure 5.3(c)). Silicon dioxide is e-beam evaporated after ion milling to 
electrically 
Figure 5.4: (a) A three-terminal memory device which uses the spin hall effect write 
electrode and MTJ based read out. (b) Isometric view of the device with different 
electrodes. (c) Top view of the device showing the orientation of the free layer magnet 
along the width of the SHE channel. (d) SEM of the device under test where bottom 
electrode-1 is used as ground. 
isolate devices from each other. The deposited oxide is then patterned during the e-
beam resist strip (Figure 5.3(d)). During the e-beam step, we also define vias for 
making contacts to the SHE channel made out of β-Tantalum. This is useful as it saves 
us an additional step of etching through the oxide. The innovation of this fabrication 
process lies in the multiple uses of the e-beam resist step, for defining MTJ nanopillar, 
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for making vias and for patterning evaporated oxide by liftoff.  Contact leads made of 
for Ti(6 nm)/Pt(40 nm) are sputtered and patterned by resist liftoff using DUV 
lithography (Figure 5.3(e)). The fabricated device is then annealed at 300ºC to 
crystallize the CoFeB fixed and free magnet layers to increase the device TMR (Figure 
5.3(f)).  
The dimensions of the nanopillar are 270 nm × 68 nm, which are fabricated on 
different channels of width 400 nm, 500 nm, 600 nm and length 1600, 2000 and 2400 
nm respectively. The length to width ratio of all the channels is kept constant to 4:1 to 
ensure they have equivalent resistance.  The thickness of the free layer of 1.5 nm was 
selected to reduce the demagnetization field and hence the switching energy of the 
nanomagnet, but it is thick enough to keep the magnetization in the plane of the 
device. Isometric view of the SHE-MTJ shows the top electrode of Ti/Pt and the 
bottom electrode of β-Ta channel contacted via Ti/Pt electrodes (Figure 5.4(a)). The 
MTJ nanopillar is patterned such that the long axis of the magnet is oriented along the 
width of the SHE channel for appropriate spin injection (Figure 5.4(c)).  
The top leads of the Ti/Pt bilayer were added on the Ta/Ru stack to make contacts 
to the MTJ. The magnetization state of the cell is written by applying a charge current 
via the SHE channel. The direction of the magnetic writing is set by the direction of 
the applied charge current. Positive currents (along +y direction) produce a spin 
injection current with transport direction (+z) and spins polarized in (+x) direction. 
The injected spin current in its turn produces spin torque to align the nanomagnet in 
the (-x) direction (since the spin Hall angle for β-Ta is negative) (Figure 5.5). The 
transverse spin current (ܫԦ௦ = ܫԦ↑ − ܫԦ↓	with	spin	direction	ߪො	) for a charge current (ܫԦ௖) in 
the write electrode is given by: 
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( )cSHEsfSHEs IztwPI  ×= ˆ),,,( θλ  (5.4) 
where, ௌܲுா is the spin Hall injection efficiency, which is the ratio of the magnitude of 
transverse spin current to lateral charge current. w is the width of the nanomagnet, t is 
the thickness of the SHE metal channel, λsf is the spin flip length in the SHE metal, and 
θSHE is the spin Hall angle (coefficient) for the SHE-metal to the free layer ferromagnet 
interface. 
5.2.2 DC measurements 
We measured the resistance of the SHE-MTJ as a function of external magnetic 
field, HExt, applied in-plane of the device along the easy axis of the magnet to measure 
the device coercivity and TMR, using a lock-in amplifier (Figure 5.5 (a)). The small 
signal resistance (dV/dI) is plotted as a function of applied magnetic field, showing a 
clear hysteresis window with a coercivity of 40 Oe with single domain switching of 
the free layer (Figure 5.5(b)). The major loop is shown in the inset. TMR of 40% was 
measured for the 270 nm × 68 nm device with a 400 nm channel width. 
Bi-directional current induced switching was measured for the device using a lock 
-in setup where current is applied using Keithley 2400 sourcemeter to the SHE 
channel (Figure 5.6(a)). The current induced switching was done in the presence of an 
offset field of -102 Oe to center the hysteresis curve for the device. We verify the 
symmetry of the switching by using a negative offset field of 102 Oe (Figure 5.6 (b)). 
For positive offset field, the MTJ switches to AP/P when the current through SHE 
channel is positive/negative. When the offset field is reversed, the MTJ switches to 
P/AP when the current through SHE channel is negative/positive. In an integrated 
device with a synthetic antiferromagnet, the offset field will not be required, and the 
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Figure 5.5: (a) Setup used for measuring the resistance of the device as the magnetic 
field is swept from 0 Oe to 250 Oe and back. (b) Right side minor loop of the SHE-






















Figure 5.6: (a) Setup used for measuring the resistance of the MTJ as current is 
applied to SHE channel is swept. (b) The plot shows anti-parallel to parallel resistance 
state switching and back as the current is swept from -300 μA to 300 μA for an 
applied HExt of -102 Oe. Inset show the similar current switching for a HExt of 102 Oe 
where the resistance state switches from parallel to anti-parallel state as current is 























Figure 5.7: (a) Current-induced switching of SHE-MTJ of size 270 nm × 68 nm 
fabricated on channels of width 400 nm (blue), 500 nm (green) and 600 nm (red). (b) 
Switching currents as a function of ramp rate of the current for different channels. AP 
to P switching is shown using circles while P to AP switching is shown via triangles. 
Solid lines represent linear fits of switching current versus ramp rates.  
 129 
 
5.2.3 Scaling of SHE channel 
The effect of scaling the SHE channel on the switching of the SHE-MTJ was 
studied by comparing the DC switching properties for a 270 nm ×	68 nm magnet, with 
SHE channel of various widths: 400 nm, 500 nm, and 600 nm. Bi-directional spin 
torque switching of the MTJs as a function of applied current in the SHE channel was 
measured for all the three channel widths (Figure 5.7(a)). The critical currents for P to 
AP switching and vice versa are comparable showing that symmetric bi-directional 
switching is feasible with spin Hall effect switching.  
We extract the zero temperature critical currents and magnetic energy barriers for 
the devices using ramp rate measurements; where the switching current is measured 
for a given device as a function of the ramp rate of its current (Figure 5.7(b)). Using 
thermal activation model [96], this dependence of the critical current to the ramp rate 
is a linear fit to the function of the form: 








where, the energy barrier	ܧ௕, the zero-temperature critical current Ic0 are the fitting 
variables and ݇஻ܶ is the thermal energy. We assume that the temperature of the device 
was close to room temperature and the attempt time	߬଴ is 1 ns. The extracted energy 
barrier and zero temperature critical current are shown in Table 5.1. The ratio of the 
calculated critical current at zero temperature and the energy barrier scales linearly 
with the channel width (Figure 5.8). This shows that the current density needed for 
switching the SHE-MTJ is constant (with a maximum error of 6%) for all the different 











Figure 5.8: Zero temperature critical current normalized by energy barrier size scales 
linearly with SHE channel width for P to AP switching (blue) and AP to P switching 
(red).  
We extract the ‘effective spin Hall angle’ (θ’SHE) for the device by taking the ratio 
of the expected critical spin current density in spin transfer torque switching (Js0-MTJ)  
to the charge current density ( SHEcJ −0 ) derived from the critical current in spin Hall 
switching. 








































The calculated effective spin Hall angles, which represent the efficiency of spin 
current generation, for the three devices, are 0.16 (Wch = 400 nm), 0.18 (Wch = 500 
nm) and 0.20 (Wch = 600 nm). Here the magnet thickness without the dead layer is mt′ , 
the saturation magnetization sM , the effective demagnetization is effM , the material 
anisotropy effective field is kH , and Gilbert damping α . We assumed a dead layer of 
0.2 nm. This technique for effective spin Hall angle extraction is approximate due to  
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Table 5.1: Results of Ic0 and Eb calculated from linear fits to Equation (5.6) 
 
the following factors: a) the approximate estimate of the dead layer thickness (tm-t’m); 
b) Ic0-SHE is not exactly proportional to Wch; c) ignoring the contribution of the field 
like torque arising due to interface Rashba effect. This effective spin Hall angle was 
calculated under the assumption that the spin torque is only due to Slonczewski spin 
torque. We calculated the effective spin injection efficiency to be in the range of 96% 





















where, MTJsI −0  is the current needed for MTJ switching assuming just Slonczewski 
torque. We compared the spin injection efficiencies of a traditional MTJ that uses spin 








where MTJP is the spin injection efficiency of a traditional MTJ was calculated using 
formulation by Manipatruni et al. [95].  We can thus confidently claim that SHE-MTJs 
Channel Width 
(nm) 
Switching AP to P Switching P to AP 
Ic0(μA) Eb(kBT) Ic0(μA) Eb(kBT) 
600 -629.36 55.46 614.62 53.30 
500 -564.39 41.70 558.37 41.06 
400 -519.88 30.36 520.44 31.87 
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are much more energy efficient than traditional MTJs. We have also demonstrated that 
the critical current needed for the memory writing from AP to P and vice versa are 
symmetric, which greatly reduces the complexity of write circuits for the memory bit 


















Figure 5.9: Transient write and read operation of SHE-MTJ with write pulses of width 
(a) 10 μs, (b) 1 μs and (c) 100 ns. Read is performed by using a 50 mV read voltage 
between the write operation shows the change in the device impedance reflected as 
current change.  
 133 
 
5.2.4 SHE-MTJ as a MRAM element 
We show the operation of the three-terminal SHE device as a memory element by 
performing consecutive write and read cycles. The write cycles are performed at 4 
times the critical current followed by a read pulse of amplitude 50 mV applied to the 
terminal of the MTJ. Such high current biasing is not possible with tunnel junction 
based spin torque switching. The repeatable bi-directional transient switching current 
and voltage data were measured for the SHE-MTJ device. Applying 10 μs pulse width 
write pulses followed by a read pulse of 10 μs width with less than 100 nA of the read 
current (Figure 5.9(a)), we demonstrated complete current based read and writing of 
the SHE-MTJ. We further demonstrated the SHE-MTJ’s memory operation with faster 











Figure 5.10: Setup for measuring switching probability as a function of pulse 
amplitude and pulse duration. Picosecond pulse generator PSPL 10100A is used to 
generate pulses of amplitudes 1.96 V to 3.147 V with pulse width varying from 250 ps 
to 10 ns. 
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To demonstrate that we are far from the limits of the switching speed, even with 
write pulse time of 100 ns, for the SHE- MTJ using a picosecond pulse generator 
PSPL 10100A, we applied voltage pulses to the SHE channel of varying amplitude 
while increasing the pulse duration from 250 ps to 10 ns. At each of the voltage and 
pulse width steps, 250 attempts were made to measure the switching probability with 
high accuracy. At each attempt, switching was verified by using a lock-in based 
resistance measurement (Figure 5.10).  We measured 100% switching probability at a 
pulse width of 6.5 ns for switching from AP to P state for -3.147 V (Figure 5.11(a)). 
100% switching probability was measured for a pulse width of 8 ns for switching from 
P to AP state for 3.147 V write pulse (Figure 5.11(b)). This discrepancy is due to the 
curvature in the magnetic states observed in the parallel state, which leads to different 
switching path in the presence of Oersted fields. These Oersted fields are generated by 
the SHE channel current flow affect the switching of the free layer. For negative spin 
Hall angle materials like β-Ta the Oersted field from spin Hall channel acts along the 
direction of the anisotropy field of the in-plane free layer magnet thus making it harder 
for the magnet to switch. Faster switching speeds can be reached by using Oersted 
field to assist switching which is possible with using SHE materials with positive SHE 
angle like platinum as demonstrated by Aradhya et al. [97]. Another way to reduce the 
effect of curvature in the magnetic state is by pinning the fixed layer magnet. This has 
shown to reduce the times taken by the edge states to respond to the switching current. 
SHE-MTJs we have demonstrated here definitely have a high potential for use as on-



























Figure 5.11: Switching probability as a function of write pulse voltage and write pulse 
duration for (a) AP to P switching (b) P to AP switching. Each point on the graph 
represents 250 switching attempts. 
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5.3 SHE-MTJ devices for oscillators 
SHE-MTJs discussed in the previous section showed great capability as a potential 
MRAM bit cell. In a different configuration of operation, these same devices can be 
utilized as high-frequency tunable oscillators. Liu et al. [15] demonstrated 
magnetization oscillation in a ferromagnet using spin current injected from the SHE 
channel. The magnetization precession of the ferromagnet is then measured as voltage 
oscillations using an MTJ where the ferromagnet is the free layer. This is similar to the 
SHE-MTJ used in switching where the resistance state is written using the spin current 
injected through the SHE channel and the resistance of the state is read using the spin 
torque effect in the MTJ.  SHE-MTJ oscillators are advantageous as their oscillation 
frequency can be tuned with the SHE current as well as with the spin torque current 
applied to the MTJ. One additional advantage of the SHE-MTJ as an oscillator is that 
the constraint of having extremely low RA product (~10 Ωμm2) necessary for driving 
oscillations for a spin torque device are relaxed. This is because the oscillations are 
only measured using spin torque effect and driven via the spin Hall channel. 
Additionally, the SHE channel provides a new avenue for studying locking of MTJs 
by applying AC current through the channel.   
We fabricated an SHE-MTJ device of 270 nm×110 nm size having a 600 nm wide 
channel. The material stack of the device is comprised of Ta (6 nm)/CoFeB (1.5 nm)/ 
MgO (1.2 nm)/CoFeB (4 nm)/Ta (3 nm)/Ru (3 nm) with Ti (6 nm)/Pt (50 nm) as the 
contact lead.  Tantalum is the SHE channel that injects spin current into the adjacent 
CoFeB free layer, thereby overcoming the damping to get steady state precession of 
the magnetization. The fabrication process for the SHE-MTJ oscillator was similar to 
the SHE-MTJ switches (Figure 5.2). The MTJ nanopillar was oriented such that the 
easy axis of the magnet is along the width of the channel (Figure 5.4(c)). The main 
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difference between the two types of devices is the size of the tunneling oxide (MgO), 
which is 1.2 nm for the oscillator devices and 1.6 nm thick MgO for the switches. The 
thickness of the tunneling barrier was decreased to reduce the resistance of the device, 
necessary for efficient measurement of the spin dynamics coupled to a 50 Ω input 
impedance of the spectrum analyzer. The thickness of the free layer magnet is chosen 
to be 1.5 nm for reducing the effective demagnetization field to get steady state large 

















Figure 5.12: (a) Setup used for measuring the resistance of the device as the magnetic 
field is swept from 0 Oe to 250 Oe and back. (b) Right side minor loop of the SHE-
MTJ shows TMR of 30%, with the major loop shown as in the inset. 
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5.3.1 DC measurements 
The resistance of the SHE-MTJ device was measured as a function of external 
magnetic field (HApplied) applied in-plane of the device along the easy axis of the 
magnet. We measured the device TMR using a lock-in amplifier setup (Figure 
5.12(a)). The small signal resistance (dV/dI) is measured as a function of applied 
magnetic field, showing a clear hysteresis window with single domain switching of the 
free layer magnet free layer (Figure 5.12(b)). The major loop is shown in the inset. 
TMR of 30.6% was measured for the 270 nm × 110 nm device with a 600 nm channel 
width. The value of channel resistance, measured to be 6.5 kΩ was not included in 
calculating the device TMR even though it contributes to the resistance of the 
measured device.  
Current-induced switching was also measured for the device using a lock-in 
amplifier setup where current is applied using Keithley 2400 sourcemeter to the SHE 
channel (Figure 5.13(a)). The current induced switching was done in the presence of 
an offset field of 49 Oe to center the hysteresis curve for the device. This external field 
is needed to cancel out the dipole field from the fixed layer of the device. We observe 
a clear hysteresis as the resistance of the devices changes from P to AP state when the 
current is swept from the negative to the positive value and from AP to P state when 
the current is swept back from the positive to the negative value (Figure 5.13(b)). The 
critical current needed for switching the device is very low, due to the low energy 
barrier of the device because of smaller shape anisotropy field. The current switching 
shows that spin Hall effect induced a spin current from the channel can apply enough 
torque to the free layer magnetization to switch its direction from P to AP and from 
AP to P for the positive and the negative value of the spin current. The resistance-area 
product of the device was measured to be 77 Ωμm2, which is high, due to the large 




Figure 5.13: (a) Setup used for measuring the resistance of the MTJ as the current is 
applied to SHE channel is swept. (b) The plot shows parallel to anti-parallel resistance 
state switching and back as the current is swept from -800 μA to 800 μA for an 
applied HApplied of 49 Oe.  
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5.3.2 AC measurements 
SHE devices were biased with a high magnetic field, HApplied, of 135 Oe to align 
the magnetization of the free layer and the fixed layer parallel to each other. Using a 
bias tee and Keithley 2400 sourcemeter, a nominal current IMTJ of -80 μA was applied 
to the top electrode of the MTJ pillar.  The output of the capacitor (RF) end of the bias 
tee was connected to the spectrum analyzer (Figure 4.5(a)). The spectrum analyzer is 
set for a 5 MHz resolution bandwidth and 6 kHz video bandwidth selected to keep the 
noise floor as low as possible. A second Keithley 2400 sourcemeter was used to sweep 
current applied to the SHE channel from 0 to 600 μA (Figure 5.14(a)). The direction 
of the current applied to the SHE channel is to inject spins of orientation opposite to 
the magnetization of the free layer magnet. The injected spins apply a torque on the 
free layer magnet to switch the magnetization from P to AP state similar to the 
measurement of current induced switching (Figure 5.13(b)). When the amplitude of 
the spin current is increased from the 0 to 600 μA, the spin current compensates the 
damping of the free layer magnetization, thereby inducing steady state oscillation of 
the magnetization of the free layer. These magnetization precessions are measured as 
voltage oscillations across the MTJ for oscillating device resistance due to the TMR 
effect. As the ISHE is slowly increased, we observe a very small decrease in oscillation 
frequency as the magnetization trajectory changes (Figure 5.14(b)).  We measured the 
oscillation at 1.94 GHz (with 1.97 GHz for ISHE of 100 μA) with a peak power of           
-93.2 dBm for an IMTJ of -80 μA and ISHE of 600 μA (Figure 5.15(a)). The linewidth of 
the fundamental mode is 400 MHz, and the ∆ ௢݂/ ௢݂	 ratio of the oscillation mode is 




Figure 5.14: (a) Setup used for measuring oscillation in SHE-MTJ. The direction of 
HApplied represents the direction of the positive field; the direction of current represents 
the direction of positive currents. (b) SHE-MTJs oscillation measured on the spectrum 
analyzer as the ISHE is scaled from 0 to 600 μA. The individual spectrums are shifted 
vertically for clarity of view. We see a lot of noise in the background compared to spin 
























Figure 5.15: (a) Plot of the second harmonic at the frequency of 1.94 GHz with peak 
power of -93.2 dBm for 5 MHz of resolution bandwidth having a linewidth of 
98 MHz. (b) Oscillation frequency changes from 1.94 GHz to 2.25 GHz by changing 
IMTJ from -80 μA to 80 μA due to voltage control of magnetic anisotropy.  
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By changing the bias current to the MTJ, it has been shown that we can modulate 
the uniaxial anisotropy energy which depends on the electric field across the tunnel 
barrier. The anisotropy energy contribution to the effective demagnetization field of 
the free layer is given by the equation: 
ܪௗ௘௠௔௚௘௙௙ = 4ߨܯ௦ −
2ܭ௨
ܯ௦  (5.9) 
Where, ܯ௦	is the saturation magnetization of the free layer and ܭ௨  is the uniaxial 
anisotropy coefficient dependent of the electric field across the MTJ tunnel barrier. 
Liu et al. demonstrated that by changing the IMTJ we can change the voltage across the 
tunneling barrier and thus changeܪ݂݂݀݁݉ܽ݃݁ , which changes the frequency of the 
oscillation given by Kittel formula shown in Equation (1.3).  By changing the IMTJ 
from -80 μA to 80 μA, we observed the frequency of oscillation increase from 
1.94 GHz to 2.25 GHz (Figure 5.15(b)). The frequency tuning (0.745 GHz/V), we 
observe is comparable to the one observed by Liu et al. (~ 0.761 GHz/V) when 
normalize the frequency change to the overall voltage change across the MTJ [15]. 
Normalizing and comparing the voltages across the two devices is valid as the two 
devices have the same material stack with 1.2 nm thick MgO tunnel barrier. We 
observe a smaller change in frequency when comparing the current amplitudes as most 
of the voltage is dropped across the high resistance channel, so a higher current is 
needed to observe equivalent modulation of demagnetization field. The oscillation 
powers measured in the plots are for 50 Ω load resistance and are low due to 
impedance mismatch between the SHE-MTJ and the spectrum analyzer. The low 
power of the oscillation can also be attributed to the small amplitude of the read 
current IMTJ applied to the device. Scaling IMTJ to large values while keeping ISHE high, 
we observed the noise floor of the spectrum analyzer increase over large bandwidth at 
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lower frequency range. We believe this happens due to noisy and chaotic 
magnetization precession of the SHE-MTJ in the presence of both the spin current 
from SHE channel and the spin-polarized current from IMTJ [28].  
5.3.3 Pillar current driven oscillations 
Applying just IMTJ to the device for zero amplitude of ISHE in the same setup 
(Figure 5.14(a)), we were able to measure spin torque driven oscillations of the SHE-
MTJ. The oscillations measured are due to the spin-polarized electrons from the fixed 
layer applying spin torque to the magnetization of the free layer and overcoming the 
damping in the free layer to get steady state precession. The oscillation power we 
observed increased when the magnetic field was applied at an angle of 35º to the easy 
axis of the magnet (Figure 5.16(a)). Changing the IMTJ current, we were able to see 
frequency tuning of the device (Figure 5.16(b)). When we increased the ISHE in the 
presence of large (180 μA or more) IMTJ, we observed that the amplitude of oscillation 
decreased and as the linewidth increases and results in the previously observed 
increase in the noise floor of the measurements. 
The peak power of -97 dBm was measured for IMTJ current of -360 μA, with 
HApplied of 135 Oe at an angle of 35º from the easy axis of the magnet (Figure 5.16(a)) 
for oscillation of frequency 2.12 GHz measured for 1 MHz resolution bandwidth. The 
total power of this oscillation mode is 59.86 pW, and the linewidth of the oscillation is 
300 MHz. The  ∆ ௢݂/ ௢݂ ratio for this oscillation mode is 7.066. The ∆ ௢݂/ ௢݂ ratio of the 
spin torque oscillation of SHE-MTJ, though better than the SHE-MTJ oscillation, is 
still very poor compared to spin valve devices measured in Chapter 4. The large 
linewidths measured for SHE-MTJ arise from high surface roughness and non-
uniformity of the fabricated device, observed in AFM characterization, leading to edge 
























Figure 5.16: Frequency spectrum is showing oscillations of SHE-MTJ driven by spin 
torque current (IMTJ) with 0 ISHE, measured at HApplied of 135 Oe at an angle of 35º from 
the easy axis.  (A) Oscillations measured for -360 μA of IMTJ. (b) The frequency of 





Figure 5.17: (a) Experimental setup for open loop measurements. The oscillation 
signal from SHE-MTJ is amplified and the filtered by HBAR and measured on the 
spectrum analyzer. (b) The plot shows transmission spectrum of the laterally coupled 
HBAR used for filtering the SHE-MTJ oscillator. 
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5.4 Open loop current based magneto-acoustic oscillator using SHE-MTJ  
The standalone SHE-MTJ is driven by spin torque oscillation we measured in the 
previous section was then connected to a 2-port laterally coupled HBAR filter via a 
43 dB broadband amplifier (2 amplifiers of gain 23 dB and 20 dB) (Figure 5.17(a)). 
The transmission response of the HBAR was measured for the bandwidth of interest 
using a network analyzer shows multiple resonances with insertion loss of around        
-39 dB (Figure 5.17(b)). The high insertion loss of the HBAR at 2 GHz frequency 
range is because the HBAR was designed for operation centered at a frequency of 
4 GHz. At the low-frequency range, the AlN piezoelectric layer is not efficiently 
coupled to the acoustic modes of the HBAR, increasing the losses in the signal pickoff. 
The output of the HBAR measured on the spectrum analyzer was plotted on top of 
the previously measured oscillation spectrum of the SHE-MTJ (Figure 5.18). We 
observe a sharp signal peak in the center of the spectrum that corresponds to the 
oscillation peak of the SHE-MTJ device. The linewidth of the filtered SHE-MTJ 
oscillation was measured to be 280 kHz, which corresponds to a ∆ ௢݂/ ௢݂ ratio of 7560. 
This is the highest reported ∆ ௢݂/ ௢݂ ratio for an open loop SHE-MTJ device or an MTJ 
oscillator device ever measured. The HBAR filtering increased the ∆ ௢݂/ ௢݂ ratio of the 
SHE-MTJ oscillator by 1070 times. The measured linewidth of the oscillator with the 
filter in series depends on the quality factor of HBAR at the frequency of oscillation. 
We also see more peaks in the spectrum. These peaks correspond to the nearest HBAR 
(spaced by Δf = 9.1 MHz) resonances which fall within the large linewidth of the 
SHE-MTJ oscillator. 
A closed loop system with the HBAR in feedback will further reduce the linewidth 
to get a record breaking ∆ ଴݂/ ௢݂ ratio for SHE-MTJ oscillator while self-stabilizing its 
output. But due to the low output power of the SHE MTJ, we faced the same problems 
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caused by larger amplification and feedback in the presence of a low isolation 
circulator in the circuit implementation, as discussed in Chapter 4.4.3. The AC current 
feedback via the spin Hall effect channel was also attempted, but due to the high 
impedance of the SHE channel we were not able to observe current feedback based 
locking of the device with up to 90 dB of signal gain. With a higher power MTJ-based 
STO, a closed loop current-based magneto-acoustic oscillator can be implemented, 
which due to the HBAR filtering will have extremely narrow linewidth. 
 
Figure 5.18: Plot shows the frequency spectrum of the SHE-MTJ oscillator measured 
after HBAR filtering shown in red and the frequency spectrum of the oscillator 




5.5 Conclusion and future directions 
In this chapter, we introduced magnetic tunnel junctions and described how the 
spin-preserving tunneling in combination with different density of states at the Fermi 
level of the majority and the minority electrons lead to tunneling magnetoresistance. 
The TMR can be further enhanced by lattice matching (001) face of the ferromagnets 
to (001) texture of MgO tunnel barrier to match the evanescent states of the tunnel 
barrier to the electronic states in the ferromagnets. We introduced how spin Hall effect 
can be used to generate spin currents to apply spin transfer torque to the free layer 
magnet in MTJ. This three-terminal MTJ with separate read and write paths is called 
SHE-MTJ.  
In this chapter, we demonstrated a novel fabrication process flow for making SHE-
MTJs that allows for high yield and reduces process steps, making novel use of the e-
beam resist as liftoff mask for oxide isolation step.  In the fabricated SHE-MTJs with a 
TMR of 40%, we demonstrated bi-directional switching using current applied to SHE 
channel. Scaling of the SHE channel width for a fixed size of the MTJ pillar, we 
observed an increased efficiency of switching for a higher overlap between the long 
axis of MTJ and the SHE channel. We calculated that the critical current needed for 
switching in SHE-MTJ is half of the critical current needed for spin torque switching 
of MTJ due to it high spin injection efficiency. We demonstrated SHE-MTJ as the 
MRAM bit cell by applying read and write pulse to the devices and showed the 
repeatable operation for write pulses of duration as small as 100 ns. Switching 
probability of the SHE-MTJ as a function of write voltage amplitude and write pulse 
duration was measured to find switching from AP to P has 100% probability for -
3.147 V at 6.5 ns. The P to AP switching was comparatively slower with 100% 
probability measured for 3.147 V at 8 ns pulse duration. We thus demonstrated SHE-
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MTJs as potential MRAM bit cells, with sub 10 ns write times, having a decoupled 
read and write circuits that show symmetric switching characteristics for AP to P and 
P to AP state.  
In the second part of this chapter, we studied the SHE-MTJ as an oscillator. Using 
spin injection from the SHE channel, we excited magnetization precession and 
measured the precession as voltage oscillations of the MTJ using the TMR effect. 
Applying to the SHE channel a current of 600 μA, a pillar current of -80 μA and a bias 
magnetic field of 135 Oe, we measured oscillations at 1.94 GHz having a peak power 
of -93.2 dBm for a 5 MHz resolution bandwidth. The linewidth of the oscillation was 
measured to be 400 MHz with a ∆ ௢݂/ ௢݂ ratio of 4.85 having the total output power of 
95.72 pW. We observed voltage controlled magnetic anisotropy based tuning of 
oscillation frequency having a tuning rate of 0.745 GHz/V, which is comparable to 
previously measured rate on a similar device.  
Employing the SHE MTJ as a traditional MTJ, we excited magnetization 
precession in the SHE-MTJ for 0 μA spin Hall effect current drive, by applying           
-360 μA of current to the MTJ. We observed that the oscillation amplitude was higher 
when the bias magnetic field of 135 Oe was applied at an offset angle of 35º to the 
easy axis of the magnet. We measured the first harmonic of oscillation at 2.12 GHz 
having a peak power of -97 dBm measured for 1 MHz resolution bandwidth. The 
linewidth of the oscillation was 300 MHz with ∆ ௢݂/ ௢݂  ratio of 7.066. We saw the 
frequency of oscillation decreases with the increased bias current. SHE-MTJ oscillator 
was then connected to a laterally coupled HBAR to form open loop current based 
magneto-acoustic oscillator, where HBAR behaves like an inline high quality factor 
filter. Frequency filtering from the HBAR reduced the linewidth of the oscillation 
from 300 MHz to 280 kHz and increased the ∆ ௢݂/ ௢݂ ratio of the SHE-MTJ oscillator 
by 1070 times to 7560. This is the highest reported ∆ ௢݂/ ௢݂ ratio an SHE-MTJ or an 
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MTJ in an open loop configuration without feedback. Attempts to measure the closed 
loop current based magneto-acoustic oscillator resulted in the formation of HBAR 
oscillator as observed in Chapter 4.4.3.  
In the future, we would like to build SHE-MTJ with Pt-Hf SHE channel patterned 
to be just underneath the device for reducing the channel impedance while maintaining 
high spin Hall efficiency [98]. The fabricated device would have a thinner tunneling 
barrier of less than 0.8 nm thickness to reduce the RA product of the device. Such a 
device, with a high a TMR, can potentially generate oscillation power in the range of 
100 nW to μW, which is needed for implementing the closed-loop current-based 



















   
CHAPTER 6  
SUMMARY AND FUTURE WORK 
6.1 Summary of work 
6.1.1 High-overtone bulk acoustic resonators 
We demonstrated resonators, which are capable of coupling mechanical strain 
wave to spin torque oscillator or other physical systems, where AC strain can be used 
as a tool to manipulate the system behavior. 1-Port HBAR devices were fabricated and 
measured in silicon, diamond, and silicon carbide substrates. Our measurements 
showed that the silicon HBAR had high quality factors of 702 at 3 GHz resonance 
frequency measured at room temperature. On cooling the silicon HBAR down to 80 K, 
the quality factor increase to 5220. We developed a 1D analytical model for 
calculating the stress generated by HBAR and found good agreement in the calculated 
performance and simulated performance of the HBAR in Comsol. The diamond 
HBARs tested in the NV center systems have also shown good agreement to the 
simulated HBAR performance as a stress generator [52]. We further calculated that the 
silicon HBARs could generate 2.2 MPa of AC stress for 1 V drive amplitude at room 
temperature.  
Laterally coupled HBAR were fabricated on sapphire substrates function as inline 
filters with the high quality factor from frequencies of 1.5 GHz all the way up to 
8 GHz. Keeping the lateral spacing between the two ports of the HBARs small we got 
transmission loss as low as -25 dB over a wide range of frequencies. The loss is higher 
at frequencies below 2 GHz where the coupling from the piezoelectric is poor. We 
measured high quality factors for the device over the entire range of frequencies as 
 153 
 
shown in Table 2.2. Due to the high quality factor, HBAR, when used as an inline 
filter in open-loop current-based magneto-acoustic oscillator, shows narrow linewidth 
in 10-185 kHz range. We measured the record-breaking f-Q product of 1.49×1014 Hz 
at 6 GHz, which shows that these HBARs when used as resonant components in 
oscillator loops, result in low phase noise oscillation performance.  
6.1.2 SHE-MTJ 
We fabricated SHE-MTJs with TMR of 40% and measured its bi-directional 
switching using the current drive through the SHE channel. Scaling the width of the 
SHE channel for a fixed size of the MTJ, we observed an increase in efficiency of 
switching for a higher overlap between the long axis of MTJ and the SHE channel. We 
calculated that the high spin injection efficiency of the SHE-MTJ results in 2 times 
lower amplitude of the critical current needed for switching when compared to a two 
terminal MTJ of the same size. We also demonstrated the operation of the SHE-MTJ 
as an MRAM bit cell by applying read pulses to the MTJ nanopillar and write pulse to 
the SHE channel. We showed repeatable MRAM operation for write pulses of 
duration as small as 100 ns. We further did switching probability measurements on the 
SHE-MTJ with β-Ta SHE channel and showed bi-directional switching of the SHE-
MTJ at sub 10 ns (6.5 ns to AP to P and 8 ns for P to AP) for write voltages of 
amplitude 3.147 V with 100% probability.  
We also studied the SHE-MTJ as an oscillator, where using the spin injection from 
the SHE channel, for a current of 600 μA, we measured oscillations at 1.94 GHz 
having a peak power of -93.2 dBm for a bias pillar current of -80 μA, and bias 
magnetic field of 135 Oe. The linewidth of the oscillation was measured to be 
400 MHz with a ∆ ௢݂/ ௢݂ ratio of 4.85 having a total output power of 95.72 pW when 
measured for a 50 Ω load. For a matched load, the peak power of the system is 
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27.76 pW which is 10 times the previously reported peak power for SHE-MTJ [15]. 
We observed voltage controlled magnetic anisotropy tuning of the oscillation 
frequency, having a tuning rate of 0.745 GHz/V which is comparable to previously 
measured rate on a similar device [15]. 
6.1.3 Open loop current based magneto-acoustic oscillator  
Open loop current based magneto-acoustic oscillator was demonstrated, where the 
output from the spin valve or SHE-MTJ (or any magnetic oscillator) is filtered by the 
high quality factor laterally coupled HBAR devices shows an improvement in the 
linewidth. This system has shown to significantly enhance the linewidth of the spin 
valve oscillators from 35.4 MHz to 175 kHz with ∆ ௢݂/ ௢݂  ratio as high as 23,657 
measured for in-plane oscillation mode at 4.14 GHz for a spin valve device. This is the 
highest measured ∆ ௢݂/ ௢݂ ratio for a spin valve oscillator in an open loop configuration. 
The ∆ ௢݂/ ௢݂ ratio for the SHE-MTJ oscillators was enhanced by a factor of 1070 to 
reduce the linewidth if the oscillator from 300 MHz to 280 kHz.  
The enhanced linewidth of the open loop magneto-acoustic oscillators corresponds 
to the bandwidth of the HBAR resonance filtering the oscillator. The small spacing of 
9.1 MHz between the HBAR resonances results in sideband like spikes when the 
linewidth of the oscillator is bigger than 9.1 MHz. Reducing the electrode gap in 
HBAR, we can further decrease the transmission loss and thus reduce the 
amplification needed in magneto-acoustic oscillators [58].  The open loop system we 
demonstrated functions over a wide range of frequencies over the entire HBAR 
spectrum of 2 GHz to 6 GHz.  
We implemented a self-locking closed loop current-based magneto-acoustic 
oscillator, but because of the low output power of the free running magnetic oscillator 
(SHE-MTJ and spin valves) it was necessary to amplify the signal by at least 90 dB to 
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get injection locking. The low isolation of the circulator used to feedback the filtered 
HBAR signal resulted in laterally couple HBAR devices being driven into oscillations. 
Such a system can be successfully implemented with circulators having modest -20 dB 
isolation using magnetic oscillators with 4 orders of magnitude higher output power in 
10-100 nW range. The unintended feedback based HBAR oscillator formed was used 
to injection lock the spin valve oscillator, similar to an external signal source, resulting 
in the extremely narrow line width oscillation of the spin valve.  
6.2 Future work 
6.2.1 Closed loop microwave based magneto-acoustic oscillator 
We have demonstrated in simulations, that closed loop (self-locked) magneto-
acoustic oscillators, when successfully implemented, will stabilize the oscillation 
frequency of the STO. Just like the open loop current based magneto-acoustic 
oscillator the linewidth of a closed loop magneto-acoustic oscillator will be enhanced 
by the high quality factor of the HBAR frequency. Such a system will be ideal for RF 
applications due to its large tuning range at gigahertz frequencies. Further, the system 
can be used a magnetic field sensor of high accuracy because it can track small 
changes in the oscillation frequency due to its narrow linewidth. In this thesis, we 
proposed two different systems based upon different types of feedbacks- one where 
the feedback is through strain (Figure 3.8) and other where feedback is through current 
(Figure 3.10). The strain feedback-based oscillator, we envisioned needed high gain to 
lock the spin torque oscillator over a broad frequency range. The current feedback-
based system requires about 39 dB lower gain for locking and hence, it was more 
efficient to implement compared to the strain-based locking system. The 
implementation of the current-based system is also simpler as it decouples the 
fabrication of HBARs from the STO, allowing for the use of exotic substrate materials 
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like sapphire which has lower transmission loss and higher quality factor [58].  The 
current-based feedback system has one major drawback that it needs exotic 
components like circulators for its implementation. Moreover, the performance of 
circulators concerning their isolation specification plays a crucial role in successful 
implementation of the system. With higher output power STO this constraint on the 
circulator performances relaxes but, their need still adds an additional challenge for 
future on-chip integrated implementation.   
 
Figure 6.1: Microwave feedback based magneto-acoustic oscillator. The output from 
the STO is amplified, and feedback via HBAR as current IHBAR which using a coplanar 
waveguide generates AC magnetic field used to injection lock the STO. The filter 
represents that only the fundamental mode is feedback. 
The advantage of the strain-based system over the current-based system is in their 
ability to decouple the feedback path from the electrical domain and thus avoid the use 
of circulators. To take advantage of decoupling phenomenon, we propose a microwave 
generated magnetic field-based feedback system (Figure 6.1). In this system, the 
output from the STO is amplified and fed to the laterally coupled two-port HBAR. The 
HBAR filters the output of the STO, and due to its high quality factor gives out a 
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narrow linewidth signal similar to results observed in Chapter 4.4.2. The signal from 
the HBAR output port is fed back to the STO via a coplanar microwave waveguide 
fabricated on top the STO. The microwave current flowing in the waveguide will 
generate an AC magnetic field at the frequency of the current flow by Oersted’s law. 
This magnetic field will interact with the magnetization of the spin torque oscillator as 
an external AC magnetic field injection locking the device [31, 37, 99]. This 
microwave based magneto-acoustic oscillator has many advantages over the other two 
feedback systems we discussed: a) like the strain-based system the microwave system 
decouples the electric feedback path and thus avoids use of circulators in the circuit; b) 
the microwave system is easier to fabricate, compared the strain-based system, by 
adding 2 extra mask layers to fabrication process for SHE-MTJ (Figure 5.3)  for 
patterning SiO2 insulator layer by liftoff and then a microwave waveguide by metal 
liftoff on top the pillar; c) the system will need less amplification compared to other 
feedback systems, as by scaling the width of the coplanar waveguide we get an 
amplification in the amplitude of field (ℎ௔௖) generated, this is given by: 
ℎ௔௖ =
ܫ௔௖
2ݓ  (6.1) 
where ܫ௔௖  is the amplitude of an AC current flowing through coplanar waveguide 























Figure 6.2: HSPICE simulation of the magneto-acoustic oscillator. (a) A modular 
approach to spintronics uses the capacitor-charging current system for implementing 
LLGS in HSPICE. (b) Butterworth Van-Dyke model used as an electrical equivalent 




Table 6.1 Simulation parameters used in HSPICE 
Property Value 
Free	layer size 170 ݊݉ × 100 ݊݉ × 	1.5	݊݉ 
ܯ௦ 1100 erg/ܿ݉ଷ 
ܪ௔௡ 219 ܱ݁ 
ܪௗ 13000 ܱ݁ 
α 0.01 
ܤ௘௙௙ −7 × 10଻ emu/ܿ݉ଷ 
ܴܽݒ 1 kΩ 
ܪ௔௣ 300 ܱ݁ 
Current  6.3 mA 
TMR for low power 30% gives 40 pW output power 
TMR for high power 100% for 25 nW output power 
ݓ(waveguide width) 0.5 μm 
Quality factor 3000 
Transmission loss -20 dB 
Size of resonator 100 μm × 60 μm 
e33 (piezoelectric coeff.) 1.55 C/m2
 
We simulated the microwave-based magneto-acoustic oscillator system in 
HSPICE, where LLGS equation is modeled using a linear capacitor whose voltage 
represents evolution the magnetization of the free layer. The capacitor is driven by 
non-linear current sources corresponding to the external magnetic field, shape 
anisotropy, demagnetization, and spin torque terms (Figure 6.2(a)) [100]. The effect of 
noise was also incorporated by adding noise current terms for the thermal noise and 
the uncertainty in the initial angle as additional inputs to the system. In HSPICE, we 
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also incorporated the effective model of HBAR using a Butterworth Van-Dyke circuit, 
where the values of inductor, capacitor and resistor and feedthrough capacitor are 
dependent on the mass, effective spring constant, resonant frequency, area, material 
properties, and the quality factor of the resonator (Figure 6.2(b)) [101].  We simulated 
a closed loop system including the amplifier modeled as a simple gain term, the 











Figure 6.3: Frequency spectrum of the low power STO output simulated using 
HSPICE with microwave feedback (in red) from filtered HBAR output shows locking 
for a gain of 40 dB. System performance at 0 dB gain represents the performance of an 
unlocked low power STO (in blue). 
The simulation of the closed loop microwave-based magneto-acoustic oscillator 
shows that the system locks for a gain of 40 dB for an out-of-plane mode of oscillation 
measured for IDC of 6.3 mA. Out-of-plane mode of oscillation was chosen as it 
represents a best case scenario for the case of strain based locking [102], also out-of-
plane mode has larger locking range and a lower threshold power for injection locking 
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[31]. The locked output of the simulated STO shows improved linewidth of higher 
power at the frequency of oscillation (Figure 6.3). To benchmark the performance of 
the microwave based magneto-acoustic oscillator and compare it to the strain and 
current feedback systems, we modeled and simulated all the three systems in HSPICE. 
We simulated the system for two different output peak powers of STO (40 pW and 
25 nW), which could be changed by changing the polarization efficiency (and thus the 
TMR) of the STO. 
 
Table 6.2 Results of HSPICE simulation of different magneto-acoustic oscillators 
Feedback system 
Gain needed for locking 
Low power STO 
40 pW 
High power STO 
25 nW 
Acoustic 95 dB 70 dB 
Current 75 dB 35 dB 
Microwave 40 dB 20 dB 
 
The microwave-based feedback system has the best efficiency as compared current 
and strain feedback as shown in Table 6.2. Microwave feedback needs 40 dB lesser 
gain than the strain-based system and 15-35 dB lesser gain than the current-based 
system. The amplitude of the gain needed in the microwave based magneto-acoustic 
oscillator can be further reduced by scaling the microwave coplanar waveguide from 
the modest 500 nm width to more aggressive 100 nm width. Another advantage of the 
microwave feedback system is that it can be scaled to provide feedback magnetic 
fields to multiple STOs on the same substrate. We believe such a system is a prime 
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candidate for demonstrating magneto-acoustic oscillator with narrow linewidth and 
high tunability.  
6.2.2 Strain based locking of STOs using FBARs 
Strain-based magneto-acoustic oscillator system is inefficient and hence will 
consume more power than the current and the microwave systems. In these 
simulations, we assumed the free layer magnet material is made of CoFeB, which has 
moderate to low magnetoelastic coefficient [103]. In Chapter 4.3, we demonstrated 
Terfenol-D can be used as free layer magnet in a spin valve device and performs 
comparably to CoFeGe/CoFe when employed as an oscillator. The value of 
magnetoelastic coefficient measured for Terfenol-D in literature is 20 times higher 
than that of CoFeB [77, 104]. Also, Terfenol-D has much lower ܯ௦  compared to 
CoFeB and hence the overall effect of the same amplitude of strain (which gets scaled 
by	ܯ௦) on the free layer is about 35 times more for Terfenol-D as given by Equation 
(3.8).  
Further improvement in the system efficiency is possible with the use of a thin 
film FBAR based strain generator instead of an HBAR. FBAR with only a thin silicon 
substrate, matched to the thickness of the piezoelectric film, can produce 10 times 
higher strain than HBARs for the same amplitude of voltage drive. This system, 
though limited in the number of resonant frequencies, can utilize high strain 
generating bending and Lamb modes for straining the free layer magnet [105]. As this 
is a thin film structure, the entire structure stresses, and strains together and hence the 
challenge of positioning the stress maxima at the free layer of the STO is also 
resolved. Moreover, this system can also be used to test and implement strain based 
switching which has been proposed by Roy et al. to be a low power alternative 
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solution to challenges in memory scaling [74]. Higher amplitude of strain can be 
achieved with materials having high piezoelectric coefficients like LiNbO3 and PZT.  
 









Figure 6.4: Process flow for fabricating SHE-MTJ with TbDyFe as the free layer on 
FBAR as the stress generator. (a) The thermal oxide is grown via LPCVD on a DSP 
silicon wafer. (b) Pt as bottom metal is sputtered and pattered by liftoff for reactive ion 
sputtering of AlN. (c) The SHE-MTJ material stack is deposited under high vacuum. 
(d) SHE-MTJ is fabricated via process shown in Chapter 5.2.1. (e) The oxide layer on 
the back is patterned by BOE etch acts as a hard mask for the KOH etch. (f) FBAR is 
released using a KOH etch of the silicon substrate. 
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An acoustic strain-based feedback system that uses Terfenol-D as free layer STO 
with an FBAR as a strain generator will thus perform 45 times better than a CoFeB 
free layer STO with an HBAR as a strain generator. This makes the system 
performance comparable to the microwave-based feedback system. We propose an 
innovative fabrication process flow for realizing the system (Figure 6.4). We start the 
process with thermal oxidation of silicon to passivate the surface (Figure 6.4(a)). The 
bottom electrode and the piezoelectric films are sputter deposited. PECVD oxide 
deposition is done on top of the piezoelectric film to form a passivation layer. This 
second passivation layer is used isolating the spin torque oscillator (Figure 6.4(b)). 
Magnetic film stack is then deposited contiguously in high vacuum to ensure clean 
interfaces. We use Pt with 0.7 nm Hf as channel material since it has been shown to 
reduce the damping (Figure 6.4(c)) [98].  We follow the process flow for SHE-MTJ as 
described in Chapter 5.2.1 to fabricate STO (Figure 6.4(d)). Patterning the backside 
thermal silicon dioxide using a resist mask and buffered oxide etch, we use it as a 
mask for KOH etching of the silicon substrate to form the released resonator (Figure 
6.4(e)). The body of the resonator consists of piezoelectric film, and the SHE-MTJ 
fabricated on top of it. Aluminum is evaporated to draw out contacts from the bottom 
electrode for ease of wire bonding and testing (Figure 6.4(f)). Comsol simulations of 
this device structure show that positioning the SHE-MTJ near the anchor of the 
resonator (close to the edge of the release window) will further enhance the strain 
coupled into the free layer. 
6.3 Conclusion 
In this chapter, we recapitulated some of the important results and achievements 
described in this thesis in the area: a) high-frequency HBAR resonator design and 
fabrication as a strain generator, and as an inline filter; b) fabrication, switching 
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characterization, and oscillator performance of spin Hall effect magnetic tunnel 
junction; c) linewidth enhancement and quality factor improvement of both spin valve 
and SHE-MTJ  based magnetic oscillators using HBAR inline filters to implement 
open loop current-based magneto-acoustic oscillator.  
We also presented two avenues for future work. First, we proposed a magnetic 
field-based magneto-acoustic oscillator. In this system, the output from the STO when 
filtered by the high quality factor HBAR is coupled via a microwave coplanar 
waveguide to the STO for injection locking the STO. We benchmarked the closed 
loop performance of this system versus the strain and current-based system by 
simulating the system in HSPICE. The results showed that microwave-based system 
requires 15 dB to 35 dB lower gain than the current-based system and has much higher 
efficiency when compared to strain base locking system.  
Lastly, we proposed a new process flow for implementing acoustic strain-based 
locking. This process flow used an FBAR like thin film resonator as a stress 
transducer to a Terfenol-D free layer based SHE-MTJ. This configuration improves 













CHAPTER 7 APPENDIX 


































Figure 7.1: Solutions to the analytic 1D model for calculating stress generated in 
HBAR shown in Chapter 2.2.3. Substrate properties are referred using subscript ‘si’, 
and piezoelectric material properties are referred using subscript ‘p.’ 
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7.2 HBAR as an oscillator  
Closed loop current-based magneto-acoustic oscillator due to the low isolation 
provided by the circulator resulted in oscillations of the HBAR. One particular 
combination of amplifiers was used to measure the HBAR oscillations on the 
spectrum analyzer (Figure 4.20). Measured frequency spectrum showed the 
fundamental mode at 4.742 GHz with higher harmonics up to the 5th harmonic at 
23.71 GHz (Figure 7.2). For every harmonic, including the fundamental mode, we see 
two sidebands separated by a frequency of 452 MHz from the central peak. These side 









Figure 7.2: Frequency spectrum of the HBAR oscillator, measured for closed loop 
current-based magneto-acoustic oscillator setup, shows fundamental mode at 
4.742 GHz and higher harmonics up to 23.7 GHz measured with a resolution 

























Figure 7.3: Frequency spectrum of HBAR oscillator shows harmonics and two side 
bands which are separated from the center frequency by 452 MHz. (a) The second 
harmonic of oscillation measured at 9.485 GHz. (b) The 5th harmonic of the 
fundamental oscillation frequency measured at 23.71 GHz. 
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Figure 7.4: Phase noise spectrum, measured for the fundamental mode of oscillation at 
4.72 GHz with power 7.3 dBm, shows 1/݂ସ trend up to 2 kHz offset and 1/݂ଶ trend 
after 2 kHz offset. 
The phase noise performance of the HBAR oscillator was measured for the 
fundamental mode had the output power of 7.3 dBm. The phase-noise shows a 1/݂ଶ 
trend from 2 kHz offset, which is due to the amplitude noise in the oscillator system. 
This includes the amplitude noise of the resonator in the form of its resistance and the 
amplitude noise of all the amplifiers in the feedback loop. From offset frequency of 
100 Hz to 2 kHz, we observe a 1/݂ସ  trend in the measured phase-noise spectrum. 
Usually, in resonator based oscillator systems,  1/݂ସ noise in the phase noise spectrum 
comes from random walk noise in the frequency spectrum. This implies that the 
resonant frequency of the HBAR oscillator fluctuates randomly by 2 kHz around the 
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natural frequency. Other HBAR based oscillators fabricated on sapphire substrates do 
not show a 1/݂ସ trend at high offset frequencies like 2 kHz [106]. Another source of 
the 1/݂ସ  might be from the circulator working with high flicker noise from the 
amplifiers in the feedback path. This seems a more likely source for the 1/݂ସ noise 
rather than the random walk of the HBAR resonance. Measured phase noise of the 
HBAR shows -117 dBc/Hz phase noise at 100 kHz offset. The noise performance of 
the HBAR oscillator presented here is comparable to state of the art HBAR oscillator 
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